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1*0 Executive Sumary 

wii-h ? ® eries . of iight gas gun shots (4 to 7 km/sec) were performed 
mice 5 «fi 9 n X lon aad aluminum projectiles to determine the size, 
mass, velocity, and spatial distribution of spall and ejecta from 

sraphite/epoxy targets. Similar determinations were 
a . fe S aluminum targets. Target thickness and 
material were chosen to be representative of proposed Space Station 
Stiu ct ure. 

v d if t3 u f r0m , these shots and other information were used to 
the b ,? ard to Space Station elements from secondary 
particles resulting from impacts of micrometeoroids and orbital 
° n Space Station. This hazard was quantified as an 

i lu £ ov ® r and above the primary micrometeoriod and 
?i b ir^ir de *. briS - f \ U ** th ? b must be considered in the design process. 
In order to simplify the calculations, eject and spall mass were 
assumed to scale directly with the energy of ^projectile? 
Other scaling systems may be closer to reality. 

The secondary particles considered are only those particles 
that may impact other structure immediately after the primary 
impact. The addition to the orbital debris problem from these primal 
impacts was not addressed. Data from this study should be fed 

bha orb £ bal debris model to see if Space Station secondaries 
make a significant contribution to orbital debris. 

The hazard t° a Space Station element from secondary particles 
above and beyond the micrometeoriod and orbital debris hazard is 
catagorized in terms of two factors: 1) The "view factor" of the 
element to other Space Station structure or the geometry of 
placement of the element, and 2) The sensitivity to damage, 
stated in terms of energy. y ' 

• . Several example cases were chosen, the Space Station module 
wi ndows of a Shuttle docked to the Space Station, the 
modu3 ; e wa J ls ' and the photovoltaic solar cell arrays. 
exam P 1 ® a chosen the secondary flux contributed no more 
than 10 percent to the total flux (primary and secondary) above a 
given calculated critical energy. A kly assumption in this e 
calculations is that above a certain critical energy, significant 
damage will be done. This is not true for all structures 

ma| b brildu| d A bumpered structures are an example for which damage 
may be reduced as energy goes up. The critical energy assumption 
is probably conservative, however, in terms of secondary damage. 

To understand why the secondary impacts seem to, in general, 
contribute less than 10 percent of the flux above a given critical 
energy, consider the case of a meteoroid impact of a given enerqy 
on a fixed, large surface. This impact results in a variety of 
secondary particles, all of which have much less energy than the 
original impact. Conservation of energy prohibits any other 
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situation. Thus if damage is linked to a critical energy of a 
Darticle, the primary flux will always deliver particles of much 
Sr eater energy. Even if all the secondary particles impacted 
other Space Station structure, none would have a kinetic energy 
more than a fraction of the primary impact energy. 


2 


2.0 Introduction 

Dlirno Was a * ow cost "quick look" with three basic 

secondarv 1 iDaii aS *nH S/ in 3 P*[ elimina ry manner, the hazards from 
«i pal e 1 and e :> ecta from meteoriod and orbital debris 

nalurt « ?£?! * i? ? ' 2 > * begin to characterize the 


_r , ” j. uj. • ah a mure oa si c sense* thic 

study was to search out directions for future work in this irea* 

nff rt J n «-h hi K \ eP ° r }' ^P 311 is defined as the material that comes 
off of the back side of an impacted target. Ejecta is defined as 
the material that comes off of the front side. defined as 

characterization of aluminum and graphite/epoxv sDall 
a an s 1 n^e Ct L^?t“" lted t0 the f ° ll0Wln9 **'™*"* relSl°t7n g Tr» 

a) numbers of particles 

b) size distribution of particles 

c) mass distribution of particles 

d) velocity distribution of particles 

e) energy distribution of particles 

f pa?ti?le d S iStribUti ° n ° r an9le ° f dis P® rsion of ejecta/spall 

a . Thes f ejecta/spall parameters vary with the following projectile 
nd target parameters. This variation was studied and empiracal 
relationships were developed in some cases. empiracal 

a) ^Pes - aluminum (6061-T6) and graph ite/eooxv 

b) projectile energy “ lth a " d Wlth ° Ut Cl ° th * thi0k and thin) 

C> projectile density 

d) oblique and normal impacts 

There are other variables and relationships that could (and 
perhaps should) be studied also. Equipment and funding limitations 
required that the number of variables and relationships 

es tie m^t lmpor^J: ab ° Ve varlables «« therefore chosen 

. .. Otbitel debris and micrometeoriods are significant hazards 

to the Spece Station and most be taken into account in its dllign 

lO^o'tnn ? r ° rb A tal debrls impacts have been shown to break off 

tMs e1ected e and «n,Td" aSS ft T the tar 9 et material. Some of 
rnis ejected and spalled secondary mass will be travel inn af- 

hypervelocity. This study was initiated based on these fact 

these / acts indicate that designers may have to protect 
against these secondary impacts as well as primary orbital debris 
and meteor lods. Other factors also play a part however. The 
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three roost important are: 1) the number, velocity, and size of 

Inre^^tiSes^thVt ST££t*£t£r Stive S^ce Station 
of these particles tnat may Qf g station structure to 

damage U fr can thesi particles. This study attempts to determine or 
otherwise quantify these variables. 

The dual keel Space Station is predicted to have three major 

SSSScS 

OTV hangars may also have significant area on a growth Space Station. 
The modules will probably have aluminum meteor and orbital debris 

o the r ^ion-met all i c* m ate rial b are 'also in the running. The truss 

nie^tea rt 1 U pr b eser? h: ‘JS-^oU* .**?«*•* 

arr e? S glisi and e celi e according^to m one r estimateT o^a thin flexible 
cover glass an ° cell « 9 (1 j aluminum honeycomb structure. 

So 1 aV dynamic 6 Vef P ect or s* Vil/ pST* --&-• 

Nation configuration and materials are still in the o es ign 
process at this time, but, as far as in^acts are concerned, 
two major materials will be aluminum and/or graphite/epoxy. 

The first major effort in this study was therefore to acquire 

data on the spall and ejecta characteristics of graph! te/epoxy 

and aluminum Material. Hypervelocity i^cts on a .•>£« hav e 

been studied for many years and a number of good references ex 
been studied ro ^ y a ^ tention hae been paid to the spall than to 

a: ^ 

r r t e h £ e°^th Pe e r r £ °h r a"nd d , V oSo our* KnlwTed^ h - previously 

documents the experimental work performed on graphite/epoxy as 
part of this effort. 

Given experimental data in hand, scaling equations were 
derived Sat can be used in an overall prediction of hazards to 
the Space Station. Section 5.0 describes this work. 

Section 6.0 describes the assessment of damage to Space 
Station elements based on the equations generated in section 5.0. 
Section 7.0 and 8.0 contain conclusions and recommendations. 
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Appendix A contains a complete listing of all shots of 
interest to this study (ordered by shot number) and data associated 
with them. Appendix B contains the raw data from shots for which 
particle counts were made. Appendix C contains some single frame 
photos of graphite/epoxy targets shortly after impact. 



3.0 Graphite/ Epoxy Targets 

Table 3-1 lists the graphite/epoxy targets that were ordered 
from Hercules as a part of this testing effort. The reader 
should refer to Table 3-1 for a detailed description of the size 
and properties of the targets used. Some of the targets were 
used in other test programs and their shots will be documented 
elsewhere. 

The graphite/epoxy shots are divided into four categories: 
shots into semi-infinite targets (section 3.1) with no camera 
data, but with ejecta mass collected; shots into thin targets 
(section 3.2) with no camera data f but with ejecta and spall mass 
collected; additional shots into thin targets used to determine 
projectile density effects (section 3.3); and shots for which high 
speed film data was available (section 3.4) . 

Table 3-2 summarizes the section 3.1 and 3.2 shots. An aluminum 
shot (see section 4.0) is also included at the bottom of Table 3- 
2. Table 3-2 includes all the shots for which ejecta and spall 
particles were collected, counted, and weighed. Numbers of 
interest in Table 3-2 include: 

a. the ratio of spall and ejecta mass to projectile mass 
(average around 35) 

b. average cone angle or angle between the spall or ejecta 
velocity vectors and a normal to the target surface coming 
out of the impact point 

c. average calculated particulate velocity (see Appendix B 
for how this velocity was calculated) 

d. fraction of the secondary mass that was spall or percent 
spall 

e. fraction of the secondary mass that was dust or percent 
dust. This is the difference between the total spall 
and ejecta mass (determined by before and after weighing 
of the target) and the sum of the masses of particles 
collected from catcher material and in the chamber. 
The percent dust represents that fraction of the total 
secondary mass that disappeared, vaporized, or was crushed 
to dust too small to recover (<<0.0001 gms particles). 
The percent dust also represents larger particles that 
may have been lost in handling, and so could probably 
be arbitrarily reduced 5 or 10 percent 

Summary tables with similar information for section 3.3 and 
3.4 data are contained at the start of each of those sections. 
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Table 3-1, Test Specimens Ordered 


SUL 


JSC-01A-001 

-002 

-003 

-004 

-005 

-006 

-007 

-008 

-009 

-010 

JSC-01 B-0 01 


MATERIAL 


AS4/3501-6 


A193PW/3501-6 

CLOTH 


I AY P* 

WEIGHT 

CGM) 

THICKNESS 

(IN) 

JSC 

finryp 


512.6 

.528 


CLOTH, {0, 


.528 

899 

+45,-45,90, 

508.2 


883 

90, -45, +45, 

r m >»lf 

.515 


0 ^ 12 f CLOTH 

u ,h_; 

.524 

901 



.524 



511.7 

.528 



508.9 

.524 



513.4 

.530 



509.8 

.525 



-002 

-003 

-004 

-005 

-006 

-007 

-008 

-009 

-010 

JSC-02 A-0 01 


AS4/3501-6 


A193PW/3501-6 

CLOTH 



502.0 

.518 

CLOTH, {0, 

503.7 

.518 

+45,-45,90, 

503.8 

.519 

90, -45, +45, 

505.0 

.519 

0} 12 

503.1 

.517 


502.1 

.516 


503.5 

.518 


505.7 

P5f*W«l 


502.4 

.516 


502.6 

.517 


884 


-002 

-003 

-004 

-005 

JSC-0 2 B-0 01 


AS4/3501-6 

A193PW/3501-6 

CLOTH 



96.4 

.105 

CLOTH, {+45, 

101.7 

.113 

-45, 0,0, +45, 

99.9 

.111 

-45,0 ,90}e f 

99.7 

.111 

CLOTH 

97.5 

.107 


86.4 

.095 

{+45,-45,0, 

85.9 

.094 

0 ,+45 ,-45 , 

85.9 

.093 

0,90) 5 

86.2 

.095 


988 

990 


-002 

-003 

-004 

-005 

JSC-03A-001 


AS4/3501-6 


889 

893 

894 
981 


CLOTH, 0,0, 

86.4 

114.0 

*095 

.125 

921 

911 

0,0, 0,0,0, 

113.0 

.124 

909 

+45,-45,90, 

114.3 

.127 

917 

-45. +45,0, 

116.1 

.129 


0,0, 0,0, 

115.8 

.127 


0,0. CLOTH 





-002 

-003 

-004 

-005 


AS4/3501-6 

A193PW/3501-6 

CLOTH 


JSC-03 B-0 01 
-002 


AS4/3501-6 


0 , 0 , 0 , 0 , 0 , 
0,0 ,+45 ,-45, 
90, -45 ,+45, 
0 , 0 , 0 , 0 , 0 , 
0.0 


103.3 

101.3 


.115 

.112 


895 

890 


JSC-0 4 A-0 01 
-002 


120VOLAN/3501-6 

CLOTH 

IM6/3501-6 

S-2/3501-6 

HYBRID 


[CLOTH, { 10, 
+60,-60] IM6 
[-60, +60, 

0] S2>2 J 5 


151.7 

148.9 


.157 

.153 
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Table 3-1 » Continued 


C/ll 

MATERIAL 

LAY UP 

WEIGHT 

CGM) 

THICKNESS 
(IN) 

JSC 
SHOT « 

yf a 

JSC-05A-001 

-002 

S- 2/3501-6 

120VOLAN/3501-6 

CLOTH 

{ CLOTH, 0,-60, 

+6 0 9 0 9 0 t +6 0 f 
—6 0 f — 6 0 f +6 0 f 

°>5 

113.1 

113.4 

.104 

.106 

913 

* 

JSC-06A-001 

-002 

IM6/8551 
A193PW/ 3501-6 
CLOTH 

CLOTH, [{0, +60, 
"6 0 } 5 ] ^ f CLOTH 

174.0 

171.3 

.194 

.191 

910 

912 


IM6 - GRAPHITE 
120VOLAN - GLASS CLOTH 
S-2 - GLASS 
AS- 4 - GRAPHITE 
3501-6 - STANDARD RESIN 
A193PW - GRAPHITE CLOTH 
8551 - TOUGHENED RESIN 


*CUT INTO FOUR PIECES 
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3 1 Soil- Infinite (thick) Targets - Ejecta and Spall Collected 

addition, “ther rostrictionn existed on testing ^ penettated and 

a number of thick targe testina. The mass of ejecta 

produced only ejecta were ordered for t« 8tl h 9 . the target before 

^^^e^hVt ale compare! with the 

massif C material°collected e in a catcher box attached to the front 
of the target. 

f *-£« « ' ^e U c?: d i n rfi V cten P ^th th , e 

for number of graphite/epo y 3 use g in the relationship giving 

n£s as a 

pa r 1 1 cl e C mas ^ f o r P a° g i ve n projectile energy than with thin targets 
which were penetrated. 

3 j.l Discussion of Test Setup 

a small styrofoam box was placed on the front of the target, 

r'.-ssSs‘i,s 

projectile impact was also recorded. 

This data allowed an accurate estimate of the total 

(leI^Ject^on #a <f. /)°T e tho^gh eS (fnly C, ^^al^inum^high U spee!T camera 
shot was available to check against it. 
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3.1.2 


Shot #883 ( 1/2" thick, cloth on front) 

This target (JSC-01A-003) had a layer of Hercules A193PW 
cloth on both front and back sides. The cloth layer on the back 
was to help prevent spall. The cloth layer on the front reduced 
the amount of ejecta when compared to the next shot. 

Table 3-2 summarizes the basic parameters of this shot. A 
nylon projectile of roughly 5 mg going 6.42 km/sec impacted a 1/2 
inch thick graphite/epoxy (G/E) target in a vacuum chamber (with 
a vacuum of 200 microns of mercury. The Johnson Space Center 
(JSC) light gas gun was used. A styrofoam box fixed to the front 
of the target was used to collect the individual pieces of ejecta* 

Following the shot, each piece of ejecta was removed from 
the styrofoam, weighed, and its location noted. The raw data 
from this considerable effort is given in appendix B. The difference 
between the before and after weights and the total mass collected 
from the styrofoam was assumed to represent vapor or dust. For 
this shot it was 67.2 percent of the total mass. Some of this 
may be due to loss of large particles through the projectile 
entry hole and in handling with this first attempt at particle 
collection. 

Figure 3-1 shows the target front and back after the shot, 
ompare this with Figure 3—13, a no— cloth shot. I0)e cloth reduces 
the amount of large ejecta. 

Figures 3-2 and 3-3 plot ejecta mass versus length and 
diameter. Most of the mass of recovered composite ejecta is in 
the form of long thin slivers of material. The diameters plotted 
are actually an average calculated value. The length and mass of 
the slivers were measured, and given the density and assuming a 
cylindrical particle, an average diameter was calculated. 

Figures 3-4 through 3-7 plot ejecta mass and velocity versus 
theta and phi (see appendix A for a definition of theta and phi). 

Figures 3-8 and 3-9 plot ejecta mass and velocity versus 
cone angle. The cone angle is the angle between a normal to the 
target face at the impact point and the ejecta particle's velocity 
vector. The mass distribution (in Figure 3-8) seems to center 
around a cone angle of 50 to 60 degrees. The velocity distribution 
does also, but not as clearly. 

Figure 3—10 plots mass versus velocity and illustrates that, 
in general, only small particles travel at high velocities. 

Figure 3-11 shows a small scale plot of the Log (number of 
particles of mass Mi and larger) versus the Log (Mi/Mtotal ejecta 
mass). Figure 3-12 shows a least squares fit linear relationship 
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Logs) that 
reference ! 


two quantities and the derived equation (without the 
results. A similar equation for aluminum taken from 
is also plotted. 
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Figure 3—1, Photos of Target (Shot #883) 

JSC 01A-003 , 1/2 inch thick, graphite/ epoxy 


Front 


Back 
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EJECTA MASS & LENGTH 

JSC Shot No. 883 - Cloth 
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Figure 3-3 

EJECTA MASS Sc DIAMETER 

JSC Shot No. 883 — Cloth 
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EJECTA MASS DISTRIBUTION 
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Phi Location (Degrees) 







EJECTA MASS DISTRIBUTION 

JSC Shot No. 883 - Cloth 
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EJECTA MASS AND PARTICLE NUMBER 




3.1.3 


Shot #884 (1/2" thick, no cloth on front) 

This shot is almost identical to the previous one, except 
this target ( JSC-01B-002) had no cloth on the front surface. 
This shot was predicted to result in more ejecta. 

Table 3-2 summarizes the parameters. A 4.76 mg nylon projectile 
going 6.26 km/sec impacted a 1/2 inch thick graphite/epoxy target. 

A styrofoam box fixed to the front of the target was used to 
collect the individual pieces of ejecta as explained in the 
previous shot. 

Table 3-2 shows, as predicted, that this target, with no 
cloth on the front, produced almost twice as much total ejecta. 
There is roughly 50 percent less dust, indicating that much, if not 
all of this additional ejecta is in the form of large, collectable 
particles. Figure 3-13 shows the target front and back after the 
shot. Compare it with Figure 3-1. 

Figures 3-14 and 3-15 plot ejecta mass versus length and 
diameter. A comparison with Figure 3-2 shows that the particle 
lengths for this shot were almost ten times greater. The masses 
are also almost ten times larger. The diameters plotted are 
calculated using the lengths and masses of the slivers and a 
given density, and an assumed cylindrical particle. 

Figures 3-16 through 3-19 plot ejecta mass and velocity versus 
theta and phi (see figure A-l in the appendix for a definition of 
theta and phi) . Comparing the velocity versus theta plots (3-5 
and 3-17) it is clear that the no cloth shot resulted in many 
higher calculated-velocity particles. See section 3.4 for a 
comparison of measured and calculated velocity. 

Figures 3-20 and 3-21 plot ejecta mass and velocity versus 
cone angle. The cone angle is the angle between a normal to the 
target face at the impact point and the ejecta particle's velocity 
vector. The mass distribution (in Figure 3-20) seems to center 
around a cone angle of 60 to 70 degrees, a somewhat greater cone 
angle than for the previous shot with cloth covering. The velocity 
distribution also centers around the 60 to 70 degree cone angle, 
more clearly than the with cloth case. 

Figure 3-22 plots mass versus velocity. It shows far more 
clearly than the cloth covered shot, that the small particles are 
faster than the large particles. 

Figure 3—23 shows a small scale plot of the Log (number of 
particles of mass Mi and larger) versus the Log (Mi/Mtotal ejecta 
mass) and a least squares fit linear relationship for these two 
quantities and the derived equations (with and without the Logs) 
that results. The same plot, with a similar equation for aluminum 
taken from reference 1, is also plotted in Figure 3-24. 
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Figure 3-13, Photos of Target (Shot #884) 

JSC 01A-003, 1/2 inch thick, graphite/epoxy, no cloth on front 
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EJECTA MASS/LENGTH RELATIONSHIP 
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EJECTA MASS DISTRIBUTION 



Theta Location (Degrees) 




EJECTA MASS DISTRIBUTION 

JSC Shot No. 884 - No Cloth 
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Phi Locotion (Degrees) 




EJECTA VELOCITY DISTRIBUTION 

JSC Shot No. 884 - No Cloth 
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Phi Location (Degrees) 





EJECTA MASS DISTRIBUTION 

JSC Shot No. 884 - No Cloth 
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EJECTA MASS AND PARTICLE NUMBER 



LOG (Mi/Mt) - Mi Part. & Mt Total Mass 
+ K=0. 1075. n = -0. 954 




EJECTA MASS AND PARTICLE NUMBER 
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LOG (Mi/Mt) — Mi Part. & Mt Total Mass 
DATA + Ejecta O Al S/C 



3.2 Thin Graph! te/Epoxy Targets - Ejecta and Spall Collected 

Once a capture technique was developed and some other 
restrictions removed, it was clearly desirable to acquire data on 
spall as well as ejecta. Thin targets representative of truss 
element walls and possible module bumpers (.06 to .10 inches 
thick) were then tested. 

This data was used both in developing the particle number/- 
particle energy relationship and also the total mass/projectile 
energy relationship. 

3.2.1 Discussion of Test Setup 

Shots 894, 917 and 923 used a plexiglass box enclosing the 
target in the vacuum chamber to catch and separate the ejecta 
from the spall. Initially, the purpose of this setup was merely 
to determine the ratio of spall to ejecta for these targets. It 
was very successful. Some of the photos in Figure 3-55 show the 
overall setup. In addition to styrofoam, two other catcher 
materials were tried. For shot 894, a sheet of plastic wool 
matting was placed at either end of the box to catch some of the 
ejecta/spall particles. See Figure 3-25. This setup was not as 
effective as the styrofoam because velocity estimation from depth 
of penetration was not practical. A flexible sponge-type foam 
was also tried and had the same problem. They were sufficient to 
obtain a size & mass distribution of the ejecta and spall, but did 
not allow even a crude estimation of the particle velocities. In 
all subsequent shots, styrofoam was used (see Figure 3-55) . 

For shot 917 and 923, sheets of styrofoam were installed at 
the ends, along the sides, and on the bottom and top of the box 
See Figure 3-55. This worked well for getting the spatial particle 
distribution as well as size and mass distribution. An approximate 
particle velocity was calculated from the depth of particle 
penetration into the styrofoam, particle geometry parameters, and 
styrofoam shear strength. This allowed the estimation of the particle 
kinetic energy distribution. 

Single frame photography data is available for shots 917 and 
894. This data is contained in appendix C. 

3.2.2 Shot #894 (0.093* thick, no cloth) 

Table 3-2 summarizes the parameters. A 4.94 mg nylon projectile 
travelling at 4.75 km/ sec impacted a .093 inch thick graphite/epoxy 
target with no cloth covering (JSC-02B-003) . The impact velocity 
was somewhat lower than the rest of the shots; this should be 
kept in mind when comparing it with other shots. The velocity is 
still within the range of interest, however. 
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Figure 3-25, Photos of Catcher Box (Shot *894) 


02B-003 » 0.093 inch thick, graphite/epoxy 


/O rtf Vi on front 



Side View 
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Figure 3- 
JSC 02B-003, 


25, Continued, Photos of Catcher Box 

0.093 inch thick, graphite/epoxy, no 


(Shot *894) 

cloth on front 
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Figure 3-26 

EJECTA/SPALL MASS Sc LENGTH 

JSC Shot No. 894- - Thin Plate 
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EJECTA/SPALL MASS 8c DIAMETER 

JSC Shot No. 894 - Thin Pinto 
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SPALL MASS AND PARTICLE NUMBER 
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SPALL/EJECTA MASS AND PARTICLE NUMBER 
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LOG (Mi/Mt) — Mi Part. Sc Mt Total Mass 
AL S/C A Total Ej+Sp 



3.2.3 Shot *917 (0.127* thick, with cloth) 

This shot is similar to the previous one, except this target 
( JSC-03A-003) had cloth on the front and back surfaces, predicted 
to result in less ejecta and spall. This shot was also at a 
higher velocity (5.99 km/sec versus 4.75 for the previous shot, # 
894) . Figure 3-32 shows photos of the the target after impact. 
Compare it to Figure 3-56, from the next shot, with no cloth. 
The cloth reduces the number of large particles, but not the 
total mass of ejecta and spall as shown in Table 3-2. This may 
be due to other factors, such as the velocity difference, however. 
Another variable that was not easily measured or controlled at 
this point in the testing is the way in which the non-symmetrical 
projectile (which is a cylinder) impacts the target. See Figure 
5-4. 


Table 3-2 summarizes the parameters. A 4.86 mg nylon projectile 
going 5.99 km/sec impacted a 0.127 inch thick graphite/epoxy 
target with a cloth covering on the front and back. A plexiglass 
box with styrofoam placed around the inside (see Figure 3-55) was 
used to catch the individual pieces of ejecta. 

Figures 3-33 and 3-34 plot ejecta mass versus length and 
diameter. A comparison with Figure 3-26 shows that the largest 
particle lengths for this shot (with cloth on the front) were 
almost ten times less than those for the shot with no cloth (#894) . 

Figures 3-35 through 3-38 plot ejecta mass and calculated 
velocity versus theta and phi (see figure A-l in the appendix for 
a definition of theta and phi) . Other approximate velocity data 
is available from the single frame photo of the impact in Appendix 
C. 


Figures 3-39 and 3-40 plot ejecta mass and velocity versus 
cone angle. The cone angle, in this case, is the angle between 
the incoming projectile's velocity vector and the ejecta particle's 
velocity vector. The mass distribution (in Figure 3-39) seems to 
center around a cone angle of 30 to 40 degrees, smaller than the 
60 to 70 degree averages for semi-infinite shots. Table 3-2, 
which calculates an average cone angle, also shows this. The 
velocity distribution shows the same centering, around 40 degrees 
or so. 


In other hypervelocity impacts, evidence is said to exist of 
very high speed ejecta particles coming off at angles near 90 degrees, 
almost parallel to the face of the target plate. Our data (including 
high speed camera photos in later sections) do not show this 
occurring with graphite/epoxy. 

Figure 3-41 plots ejecta mass versus velocity. This plot 
does not include all particles. It only includes those that were 
recovered and their velocity estimated, and as such it should be 
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Figure 3-32, Photos of Target (Shot #917) 

JSC 03A-003, 0.127 inch thick, graphite/epoxy, with cloth 
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ORIGINAL PAGE IS 
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EJECTA MASS & LENGTH 

JSC No. 917 - Thin Plate, with Cloth 
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Ejecta Particle Mass (g) 




Figure 3-35 

EJECTA MASS DISTRIBUTION 

JSC No. 917 — Thin Plate, with Cloth 
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Theta Location (Degrees) 




EJECTA VELOCITY DISTRIBUTION 

JSC No. 917 - Thin Plate, with Cloth 
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Theta Location (Degrees) 


EJECTA MASS DISTRIBUTION 

JSC No. 917 - Thin Plate, with Cloth 



(6) ssdn »pj*JDd D*oaf 3 
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Phi Location (Degrees) 





EJECTA MASS DISTRIBUTION 

JSC No. 917 - Thin Plate, with Cloth 
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Cone Angle (Degrees) 


EJECTA VELOCITY DISTRIBUTION 

JSC No. 917 — Thin Plate, with Cloth 



Cone Angle (Degrees) 



Figure 3-41 

EJECTA MASS & VELOCITY 

JSC No. 917 — Thin Plate, with Cloth 



(oss/lu>j) **po|»A D P®f3 
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Ejecta Particle Mass (g) 






Figure 3-43 

SPALL MASS & LENGTH 

JSC No. 917 - Thin Plate, with Cloth 



(ujlu) l))5us-j epi^Dcj j|Ddg 
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Spall Particle Mass (g) 





SPALL MASS & DIAMETER 

JSC No. 917 - Thin Plote, with Cloth 



(ujuu) j»*»ulid!C) ®P!*JOd nods 
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Spoil Particle Moss (g) 



SPALL MASS DISTRIBUTION 



(6) SSDfl ©pi^JDcJ ||Dds 
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Theta Location (Degrees) 




SPALL VELOCITY DISTRIBUTION 

JSC No. 917 - Thin Plate, with Cloth 



(oas/uu>|) X}JOO|a/\ ap!V*t>d H oc *S 
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Theto Location (Degrees) 



Figure 3-47 

SPALL MASS DISTRIBUTION 

JSC No. 917 - Thin Plate, with Cloth 



(6) SSD^I dpi^JDcj ||Dds 
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Phi Location (Degrees) 



Figure 3-48 

SPALL VELOCITY DISTRIBUTION 

JSC No. 917 - Thin Plate, with Cloth 



(oos/lu^) **ioo|aA api*JDd H^dS 
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Phi Location (Degrees) 




SPALL VELOCITY DISTRIBUTION 


00 



Cone Angle (Degrees) 


SPALL MASS & VELOCITY 

JSC No. 917 — Thin Plate, with Cloth 



Spall Particle Mas 9 (g) 




Figure 3-52 

SPALL MASS AND PARTICLE NUMBER 
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LOG (Mi/Mt) - Mi Part. <5c Mt Total Mass 
Data K=.001 44, n = — 1 .676 








3.2.4 


Shot *923 
impact) 


(0.095*, without cloth, 30 deg. oblique 


( JSC-0 2 15-005)^ was Vnaled* 30 ^ rev ^ ous two ' except this target 
vector and had no "ll^h Co?!?!™* nr° J?\ § r ° jeCtile velocity 
ejecta and spall. This shot w»r .I Predicted to result in more 

kin/sec versus roughly 5 Jnd 6 JJiSJ % * * igher velocity (7.02 
G/E shots). 9 Y 5 and 6 km/sec for the previous two thin 

1 ined P tuh r % ty r^f otm? WE me *1 aVoV^l "% de of ,: P 1 **^*" and 

side panels were to allow sinale f ram* S Jl!^- tW ° °u the st yrofoam 
work on this shot. Appendix c Ln^L Pb< ot ? gr f ph y» which didn't 
work on graphite/epoxv shots 8 . oroa Slngle frames that did 

deduced from* the single Vel ° City data can be 


it to Figure 3 ron? 1 th^n^ ^ 6 tbe target after impact. Compare 

reduces 1 th^ number of large The cfoth 

ejecta and spall as shotn in Tab^ % S but "°\ the total mass of 

and spalled in this shot was eLc lv ft ca The tot / 1 ^ss ejected 

shot, even though the velocity and ana^P o?*? 6 as . for the Previous 

This indicates that clott ^ different - 

and 30 degree angle) do not have large iffectB onthe^ot^ 001 ^ 
of ejecta and small. Th*» g greets on the total mass 

and hidden variables such as Dro-iprH*i ld be offsettin 9 however, 
also be playinq a L?? M Projectile impact attitude could 

approximation needed P in* this rou^h^assVss 91 ^" ^ he . low lev el of 

diameter” V can^rieon with p P gures J 3 C 26 “*® s versus length and 

largest particle lengths for fif f*® 3-2« and 3-33 shows that the 

same. The no cloth? 30 degree angle ' “shit *'* . abOUt the 

Piece of ejecta however, by a factofof m e e. massive 

veloci t? U ver s us'W 1 ? ? plo J eJecta «“« calculated 
theta aL phi)! Phl ‘ Eee Appe " dix B tor a definition of 

cone angle? 8 Th* 3 cone anqle^in nff 3 “ass and velocity versus 
the outgoing eje“a or seal) r,^rf., ea . Se ' l ? t . he an 9 le between 
normal to the plane of the tarapHc V Cle S v ? locit y vector and a 
point. The mass distribution comi . n 9 °ut of the impact 

70 degrees. Table 3-2, which cal cul a tt s 1 ^ n* 1 ” 1 f ° ri1 between 20 and 
shows an average of 47 degrees. 1 1 * average cone angle. 
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Fiaure 3-65 plots ejecta mass versus velocity. This plot 
shows the ™all particles going faster than the big ones, fairly 

clearly. 

Pigore 3-66 plots the L °9 ( n“ berof 
Mi and larger versus the 3 ^og (Mi/Mtotal 3 quantities and the 

SEISS th q at result are also 

shown. 

Figures 3-67 and 3-6 8 plot spall mass versus length and 

diamete?. Compare the plots with Figures 3-57 and 3- . 

Figures 3-69 through 3-72 plot spall mass and velocity versus 
theta and phi. 

Figures 3-73 and 3-74 P*°* h "^tween a*nornal to'the 

tar ge t"su * f ace^at tfa?U3t point and the eject, particle- s velocity 
vector. 

Figure 3-75 plots spall mass versus velocity. 

Fiaure 3-76 plots the Log (number of spall particles of 

3$ £~H, 2*. HSS 

one line. 

-a 70 n ints the Loq Log total ejecta and spall line 

Figure 3-78 plots cne uuy y results are 

similar 'to p'rev iius p"”ts ?he equations derived will be used to 
estimate t the C damage hazard to the Space Station. 
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Figure 3-55, Photos of Catcher Box (Shot #923) 

JSC 02B-005 , 0.095 inch thick, graphite/epoxy, no cloth on front 


Proj ectile 
enters 



Side View 



Top View 
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Figure 3-55, Continued, Photos of Catcher Box (Shot *923) 

JSC 02B-005, 0.095 inch thick, graphite/epoxy, no cloth on front 



Top View 


Spall on 
back wall 
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Figure 3-56, Photos of Target (Shot #923) 

JSC 02B-005, 0.095 inch thick, graphite/epoxy, no cloth on front 


Front 


Back 



77 







EJECTA MASS & DIAMETER 

JSC No. 923 — No Cloth, 30 deg Impact 



Ejecta Particle Mass (g) 








Figure 3-59 

EJECTA MASS DISTRIBUTION 

JSC No. 923 - No Cloth, 30 deg Impact 



Theta Location (Degrees) 



EJECTA VELOCITY DISTRIBUTION 

JSC No. 923 — No Cloth, 30 deg Impact 



CNin00(D^CNjCM0Cl(D^CMT“D0{D^CNj 
fO c\i c\i c\j c\i i— t-t-t— oooo 


(OSS/UU^) X4JDO|»A D^df3 
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Theta Location (Degrees) 



EJECTA MASS DISTRIBUTION 

JSC No. 923 - No Cloth, 30 deg Impact 



(6) ssopj api^jo^ o}oaf3 
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Phi Location (Degrees) 





EJECTA VELOCITY DISTRIBUTION 

JSC No. 923 — No Cloth, 30 deg Impact 



(oss/uj>i) A*popy\ api^jDcj Dpaf-3 
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Phi Location (Degrees) 





EJECTA MASS DISTRIBUTION 

JSC No. 923 - No Cloth, 30 deg Impact 



(6) SSD|A| D}Odf3 
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Cone Angle (Degrees) 




Figure 3-64 

EJECTA VELOCITY DISTRIBUTION 

JSC No. 923 - No Cloth, 30 deg Impact 



(oes/u_i>i) A}IOO|»A »P!* JD d opaf3 


c-z 


Cone Angle (Degrees) 




EJECTA MASS & VELOCITY 

JSC No. 923 - No Cloth, 30 deg Impact 



{\jmootOT*-c\ic\ico<D'<*-cMi-aDto^-rg 

ri cvic\icvicsi ^ t-' t-' i-' dodo 


(OdS/UJ>|) A}.IOO|»/\ Spi^JDJ D^.osf3 
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Ejecta Particle Mase (g) 






EJECTA MASS AND PARTICLE NUMBER 

JSC Mo. 923 — No Cloth, 30 deg Impact 



< 5? <tN SSD^ ±o *}JDd jsqtunu n - (n) 
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LOG (Mi/Mt) — Mi Part. Sc Mt Total Mass 
Data K=. 0909, n=— 1.0145 




SPALL MASS & LENGTH 

JSC No. 923 - No Cloth, 30 deg Impact 


in 

o 



(uuuu) q)6ua"i ©pipo^ ||Ddg 
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Spall Porticle Mass (g) 







SPALL MASS & DIAMETER 

JSC No. 923 - No Cloth, 30 deg Impoet 



Spall Particle Mass (g) 



SPALL MASS DISTRIBUTION 

.icr No 923 — No Cloth, 30 deg Impact 



Theto Location (Degrees) 


SPALL VELOCITY DISTRIBUTION 

JSC No. 923 — No Cloth, 30 deg Impact 



Theta Location (Degrees) 


SPALL MASS DISTRIBUTION 

JSC No. 923 - No Cloth, 30 deg Impoct 



(6) ssdvs apiV^d IP d S 
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Phi Location (Degrees) 


Figure 3-72 

SPALL VELOCITY DISTRIBUTION 

JSC No. 923 — No Cloth, 30 deg Impact 



(ods/Lu>i) /C^iooi&a »Pi^od IPds 
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Phi Location (Degrees) 





Figure 3-73 

SPALL MASS DISTRIBUTION 

JSC No. 923 - No Cloth, 30 deg Impact 



(6) ssojftj epjviod ||ods 
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Cone Angle (Degrees) 


Figure 3-74 

SPALL VELOCITY DISTRIBUTION 

JSC No. 923 — No Cloth, 30 deg Impact 


□ 



(oss/uj>|) X^po|0/\ opipo^ IIDdS 
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Cone Angle (Degrees) 





Figure 3-75 

SPALL MASS & VELOCITY 

JSC No. 923 - No Cloth, 30 deg Impact 



(o»s/uj>j) X}po|9/\ ®P!V* D d IPds 
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Spall Particle Mass (g) 










EJECTA/SPALL MASS & PARTICLE NUMBER 

icr Mn Q?3 - No Cloth, 30 deg Impoct 











3.3 Thin Graph! te/ Epoxy Targets - Projectile Density Effects 

Table 3-3 shows a series of additional shots, some performed 
in conjunction with a University of Texas effort to determine 
projectile density effects. Aluminum and nylon projectiles were 
used at velocities around 5 km/sec. In Shots #889, 890, and 895 
ejecta and spall particles were collected separately, but detailed 
data, as shown previously, was not collected. Some of the shots 
used a toughened resin system. A shot using a fiberglass target 
(#913) is also shown for comparison. 

More data is needed (at different projectile energies) to 
conclude decisively, but it appears that the higher density aluminum 
shots produced more ejecta/spall versus equivalent energy nylon 
shots. Figure 5-3, taken from Ref. 2 shows the same relationship 
between projectile density and ejecta/spall mass for aluminum. 

From the data shown in Table 3-3 it also appears that toughened 
resin offers no significant advantage in reducing the mass of 
ejecta/spall produced from hypervelocity impacts. The toughened 
resin may have other advantages, however. The data collected in 
these shots was primarily used in developing the total ejecta/spall 
mass versus projectile energy relationship. 
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Data from additional JSC Light Gas Gun Shots 
Projectile vs. Ejecta/Spall Mass Summary 
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3.4 


Thin Graphite/Epoxy Targets with High Speed Camera 

. rrnr , te velocity measurements of ejecta and spall are 
cr i ti A cSr r t a o te .s y the , hazard to the Space ^ St.txon. In^ 
first series of shots done in this^ study ^ ^ e8tiBating the 

measurement was u " a ^ ° ila ^ t • cle * based on their penetration into 
velocity of the larger parr; ... f single photos and one 

sty r of oam was used and ch wked^ High Spied Camera became 

film* Once the check the estimates more carefully* 

T^^Mera^data^as^ls^ useV to'^hec'k^the ^projectile veiocity. 

iraKic summarizes the shots for which high speed camera 

data wfs 1 taU. Cee 9 raphite/epoxy targets and one alumrnum 
target were used* 

The new camera system is a custom designed, 

micron particle traveling a P® , . this system has a pulse 
duration^of 5 nanosec^^TOie^VxErcsure "time* is therefore 5 nanoseconds 
and there is one microsecond between exposures. 
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3.4.1 


Shot #972 


Figure 3-79 shows the raw film data. The ■ target used in 
in Table 3-1. 

Table 3-5 illustrates how the raw data from the film was 
turned into velocity estimates. 


3.4.2 


Shot #981 


Figure 3-80 shows the raw film data. The F /i£f e ^”r)l caching* Yew 
and analysis shown in Figure 3-81 were provided by Dr. Ching Yew 

of the Univ. of Texas. 

I?. /inre pi olots the progress of the spall front, indicating 
a constant. 6 ve^ocity^consistent with velocities calculated for 
graphite/epoxy particles. 

Table 3-6 is the data worksheet. 

3.4.3 Shot #990 

Figure 3-82 shows the raw film data. The negative was not 
high quality, but data could be taken from it. 

Table 3-7 is the worksheet. 

3 4.4 Comparison of Calculated and Measured Velocity 

”, rz:.v ,r~« su“5sassa« sasa 

values are fairly accurate# 
for a F i! U n r ge 

general range as the calculted values. 

Overall, the calculated graph! te/epo«y spall and ejecta 
velocities appear to be roughly accurate. 
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Figure 3-80 (cont'd) 






t=4.0984 p sec 


t = 5.123 p sec 


t = 6.1476 p sec 


t=7.1722 p sec 
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Figure 3-80 (cont'd) 




t— 9.2214 jj. sec 
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Figure 3-80 (cont'd) 





sec 


fi sec 


fi sec 
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Figure 3-81. Shot 981 



( /i sec ) 
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Speed Camera Data (Shot # 990) 
microseconds between frames 
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Ejecta Particle Mass (g) 

□ Calculated vel. 884 t Meas. Vel. 972 ♦ Meas. Vel. 981 




SPALL MASS & VELOCITY 

GRAPHITE/EPOXY TARGETS 
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Spall Particle Mass (g) 

Calculated vel. 917 + Meas. Vel. 972 ♦ Meag. VeL 


4.0 Aluminum Targets 

A significant fraction, if not most of the Space Station, 
will be built of aluminum. Some data on aluminum spall and 
ejecta exists in the literature. The following shots supplement 
this information. 

All of the targets used in these shots were 6 x 6 x 0.089 inch 
thick €061 T-6 aluminum. This material is representative of what 
might be expected in a bumper or outer wall protecting the inner 
hull of a habitation module. 

4.1 Shot #933 (0.089 ■ Thick €061 T— 6 Aluminum) 

The test setup for this shot was exactly the same as for the 
graphite/epoxy shots #917 and 923. The target was inside a 
plexiglass box, with styrofoam all around to catch the spall and 
ejecta. 

Table 3-2 summarizes the data for this shot. A 4.98 mg 
nylon projectile impacted a 0.089 inch thick target of 6061 T-6 
aluminum traveling at 6.3 km/sec. 0.12 grams of ejecta and spall 
were collected, making up 50.9 percent of the mass change of the 
target. 71.2 percent of the collected material was spall. 

Figure 4-1 shows the target after the shot. 

Figures 4-2 and 4-3 plot ejecta mass versus length and 
diameter. The length and diameter terms are somewhat misleading 
holdovers from the graphite/epoxy plots. The aluminum particles 
are small chips or flakes rather than slivers. 

Figures 4-4 through 4-7 plot ejecta mass and calculated 
velocity versus theta and phi (see appendix B for a definition of 
theta and phi) . The calculated velocities are, in general much 
higher than for the graphite epoxy shots. The high speed film 
data (see section 4.2) indicates that while these estimated 
velocities are in the correct range for the large particles, they 
may be a factor of two or so too high for the small particles. 
Thus the highest velocities indicated in these graphs may need to 
be reduced by a factor of two. 

Figures 4 — 8 and 4—9 plot ejecta mass and velocity versus 
cone angle. The cone angle, in this case, is the angle between a 
normal to the target face at the impact point and the ejecta 
particle's velocity vector. 

Figure 4-10 plots ejecta mass versus velocity. This plot is 
estimated to include about half the total ejecta mass. 

Figure 4-11 plots the Log (number of ejecta particles of mass 
Mi and larger) versus the Log (Mi/Mtotal ejecta mass). A least 
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Figure 4-1 , Photos of Target (Shot #933) 

0.089 inch thick, 6061 T— 6 Aluminum 


Front 


Back 
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Figure 4-2 

EJECTA MASS Sc LENGTH 

JSC Shot No. 933 - At Plate 
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EJECTA MASS DISTRIBUTION 

JSC Shot No. 933 - Al Plate 


o 



(6) SSDfl s>pi*JD<j o*o»f3 
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Theta Location (Degrees) 





EJECTA MASS DISTRIBUTION 


o 
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Phi Location (Degrees) 







Figure 4-9 

EJECTA VELOCITY DISTRIBUTION 

JSC Shot No. 933 - Al Plate 



o 





Figure 4-10 

EJECTA MASS & VELOCITY 

JSC Shot No. 933 - Al Plate 
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Ejecta Particle Mass (g) 



JECTA MASS AND PARTICLE NUMBER 

JSC Shot No. 933 - Thin Al Plate 
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LOG (Mi/Mt) — Mi Part. &; Mt Total Mass 
DATA + K = 8. IE— 3. n=-1. 3313 



Figure 4-12 

SPALL MASS & LENGTH 

JSC Shot No. 933 - Al Plate 
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Spall Particle Mass (g) 



Figure 4-13 

SPALL MASS & DIAMETER 

JSC Shot No. 933 - A! Plate 
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Spall Particle Mass (g) 




Figure 4-14 

SPALL MASS DISTRIBUTION 

JSC Shot No. 933 - Al Plate 



(6) ssdw epi*JDd ||t>ds 
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Theta Location (Degrees) 







SPALL MASS DISTRIBUTION 

JSC Shot No. 933 - Al Plate 
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(6) ssdji\| opi^JDd Ht> d S 
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Phi Location (Degrees) 



SPALL VELOCITY DISTRIBUTION 



Phi Location (Degrees) 


SPALL MASS DISTRIBUTION 

JSC Shot No. 933 - Al Plate 



Cone Angle (Degrees) 



SPALL VELOCITY DISTRIBUTION 



Cone Angle (Degrees) 





SPALL MASS & VELOCITY 

JSC Shot No. 933 - Al Plate 



)001 0.002 0 
Spall Particle Mass (g) 



Figure 4-21 

SPALL MASS AND PARTICLE NUMBER 




< ssouj -)jdcJ jsqujnu n — (fvj) qq-) 
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LOG (Mi/Mt) — Mi Part. Sc Mt Total Mass 
DATA + K=0. 8191, n = -0. 5273 




EJECTA/SPALL MASS & LENGTH 



(lulu) q^6u»-| opjviod 
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Particle Mass (g) 
—Ejecta, S— Spall 



EJECTA/SPALL MASS & DIAMETER 



(lulu) ja^ttujoiQ api^ioj 
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Porticle Mo 93 (g) 
—Ejecta, S— Spall 











4.2 Shot #975 - High Speed Camera Shot 

Shot #975 was performed to determine accurate ejecta and 
spall particle velocities. A 4.6 mg nylon projectile, traveling 
at 6.66 km/sec impacted a .089 inch thick, 6061 T-6 aluminum 
target. 0.10 grams of spall and ejecta were produced as measured 
by weighing the target before and after the shot. More data on 
the shot is contained in Appendix A, which lists all the shots 
and their basic parameters. 

Figure 4-26 shows the high speed film raw data. 

Table 4-1 shows the worksheet used to calculate the particle 
velocity. 

4.3 Shot #979 - Additional Data 

Though no high speed film or particle count data was taken 
with this shot, the total ejecta and spall and energy were used 
in later derivations of equations. 

A 4.60 mg projectile traveling at an estimated 5.6 km/sec 
impacted a 6061 T-6 aluminum target and produced a total of 0.07 
grams of spall and ejecta. Appendix A documents the shot in more 
detail. 
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4.4 Comparison of Calculated and Measured Velocity Data 

Figure 4-27 shows calculated ejecta velocity from shot #9V* 
and n,e a ^red with the high speed camera fiW v/looity from shot 

(max velocity - \t/ «^ ndl< 3? e8 sn,aller hi 9 h speed particles 

\ max velocity - 7.5 km/sec). The measured data shows a sinai* 

the 8111311 Particles of around 4 km/sec. This single 
data point represents a maximum velocity for the small DartiHos 

“"ocftles * 975 ' iodicates^he^ calculated 

velocities tor the small aluminum particles may be hiah bv as 

much as a factor of two. Since this error is conservative for damaqe 

estimation, and since projectiles with densities higher than 

Sn 11 <" hlch " as U f ed in these tests) are likely to occur in the 
real case, the calculated velocities were used in later damaae 

calculations. Higher density projectiles are predicted to result 
m more spall and ejecta coming off at higher velocities. 


Figure 4-28 shows a similar plot for spall. Once aaain 

S?ah."r Um t h^ 1 fh U i atea - velocities f °r the small partTcles «e 
Higher than the maximum measured velocity. 
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5.0 Derived Relationships fro- Gr.phite/Epoxy end Alo-ino. 
Impact Data 

Several empirically derived «lationships 

were developed to help were h generally developed for both 

from secondary impacts. Th Y least squares fits of data 

graphite/epoxy and aluminum <3 /and 4 Two basic equations 
from the shots described » 6f iom 3 i a ^ e tcribed in Section 6) 

used in the damage assessmen P . J total mass of the ejecta/spall 
were developed. One correlate, d th. e total mascot other 

particles with the ®”® r J/ t /spall particles of a given energy 
related the number of ejecta/ spa . P Th ese two relationships 

and above to the total mass of expresses 
could have been combined in .9, with a given energy and 

the number of ejecta/spall particles witn^ though this was 

§ r-- 

only for the specific target type. 

The following sections describe all relationships developed 
in the study. 

5.1 Total Ejecta/Spall Hass Scaled with Projectile Energy 

- d a m^s 9 ^£ aP Sect m a at a°n n d ^r^I^f^pe^VrJitJ 

combined mass of e jJ® c ^ a f unctio P n of projectile energy. This 
impa ftLh a mav S be 1 conservative in that the mass of ejecta/spall is 
probably SSrST. “ma'teTaV projectile energy increases. 

in Figure 5-1, the total combinedeJecta^end^s^U masses 

plotted versus projectile en “| y 1 f bels indicat e whether a target 
data listed in Appendix . .^ffprences in ply orientation» 

is graphite/epoxy or aluminum, difference^ ^i£ y # ^ ^ thick) 

target°/ or’^on 

^rfarg«f.« ** 

in the two oblique shots in this study). 
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5.1.1 Graphite/ Epoxy Targets 

ejecta/spall, M es ( g ) , to projectile energy, E pro j < • 


M 


l es 


0.00357 * Eproj " 0.00935 


This equation is vaiid for “the effefts'of 

graphite/epoxy targets. It does not incr sur£aoe coveting . 

projectile density. * t U<9 S were not included in this earlier 

Several shots fro. late in the study were not incr i lBatily ejecta 

particle 8 velocity verification using the Cardin high 
speed camera) • 

Generally, more ejecta/spall was produced from .‘“Mfect’^lso 
than the thick for equal e"®* 9 * ^ale shots on the thin 

plates ; fc< be cause \he° p* eject ile passe s ^through 

angle, it "sees" more pi ate, ie. of oblique shots, 

the e^tt/s^Tl mTs wa^slightly l*”,***?*™ 1 ^o je^file^e^rgy 
c^ves m could a be f constructed for different target thickness to 
projectile diameter ratios. 

S1 T C den ei s^r2 S ^V^cTL& C < d 60li r - Om T6 ^'Tilt's 

impacts with higher density • 9 Q / cc ) for the thin targets. 

than with nylon projectiles (1.14 g/cw mustcated by the 

This phenomenon for semi inf 1 nit g density in Figure 5-3. 

meteoroid velocities (Ref. 2, p.467). 

=£ is fils 

rjeS^spaTlVass w!th density £««* e s s ec »* d 6 ( ^^Tength^o 

ri^V/er^tir*^^!-^ III 

"iL3? 6 m-> r -Bo fec^rsel'a^h^n ll\TA 

l-f. ^IIT. VhVn^effect of higher SI 
projectile iTlY U°‘. function of the cosine of 
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yaw angle) . Yaw is especially a problem with the aluminum projectiles 
with a low L/D. All this results in uncertainties that led us to 
disregard the projectile density in these approximate calculations. 

A cloth covering significantly reduced the amount of ejecta 
produced from equivalent energy projectiles for thick plates 
tested in this study (shots #883 and #884). However, the effect 
of cloth is not nearly as apparent for the thin plate data which 
was used to generate the above equation. The quantitative advantage 
of cloth in terms of reducing the mass of ejecta/spall appears to 
be a function of the target thickness to projectile diameter 
ratio. More data will be needed to develop the exact relationship. 
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Projectile Energy (J) 
lin fit for Gr/Ep 



Figure 5-3 

Projectile Density Effects 
(Taken from Ref. 2) 



- * * * — «■- 

2 4 6 8 10 

PROJECTILE DENSITY, (gm /cm 3 ) 


Crater depth and volume for equal-mass spheres of various densities, 
(a) Photographic representation; (b) graphical representation: (A) volume versus p, ; 
(O) penetration versus p, . Target: J10-F Al, semiinfinite. Impact velocity: 6.6 km /sec. 
Projectile: Zelux-type M (p, « 1.20, diam 0.313); 2017 Al (p, * 2.70, diam * 0.240); 
Cl 020 steel (p, *= 7.80 g/cm, diam - 0.169 in.). All projectiles same mass— 0.32 g. 
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Figure 5-4 

Projectile L/D Effects 
(Taken from Ref. 2) 
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Crater depth and volume for projectiles of equal mass and various shapes, 
(a) Photographic representation; (b) graphical representation versus //d, ; (O) penetration 
versus //d, ; (a) volume versus //d,. Target: 1100-FA1, semiinfinite. Impact velocity: 
6.6 km/sec. Projectile: 2017 Al. All projectiles same mass— 0.32 g. 
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5.1.2 Aluminum Targets 

. . - Fi 9 ur ® 5”5 illustrates a linear fit to the 6061-T6 aluminum 
total ejeeta and spall mass versus projectile enerqv data Th* 

equation relates the combined mass of ejecta/siSli® M ^ 

projectile energy , t ^ . _ . P ' es (g) , to 

aluminum targets* pT ° 3 ( J) ' for thin (0 * 089 m. thick) 6061-T6 


M 


es - 0.00301 * E pro j - 0.178 

? hi fu eqUatlon was devel °Ped, only two early data points 

aid b #975) 11 Tht h rtf Same pro ^ ec ^ e energy were available (shots #933 
and #975). Therefore, an empirical equation for aluminum developed 
from experimental results for use at 10 km/sec projectile ^s 

nr^^f{i P ‘ 264 ° - was used t0 generate another point at hiqher 

ttiS e<3Uation ^«ed the* ejecta* m^s?^ 


M. 


115 * M 


proj 


*070 T ^ e ^ ^ ne f j was through these three data points Shot 

fell neL a the d f]tm ?nal i later nyl ° n pro i e ctile data point that 
(♦QQl tnH *q h oo, l inun l^ ln t ar scalin 9 line. The last two shots 

to indicate that the ( , 6061 7 T6) Projectiles and seem 
to maicate that the projectile density effect for ainmim™ 

targets may be greater than for graphite/epoxy because of thS 

aho ?%«,T tS M ° f 2«ta/spall that were produced (Is^cially 5n 
shot #991) . More data will be necessary to confirm this however. 
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5.2 Number of Ejecta/Spall Particles of a Given Hass and Above 

From the data of individual ejecta and spall particles, a 
linear Log-Log relationship was found relating the number of particles 
of a given mass and greater, N, to the ratio of the particle mass, 
M (g), over the total ejecta/spall mass, M es (g) . The functional 
form of this equation is useful to get an idea of the mass 
distribution of the ejecta and spall particles, but was not used 
as such in the damage assessment model explained in Section 6. 
The general form of the equation reduces to 

N = k * (M / M es) n 

where the constants, k and n, for various specific target groups 
are given in the following sub-sections. 

5.2.1 Graphite/ Epoxy Targets 

The least— squares linear fits for the graphite/epoxy ejecta 
particles given in Figures 3-11, 3-23, 3-28, 3-42, and 3-66 are all 
plotted in Figure 5-6 together with the overall graphite/epoxy 
ejecta average. Similarly, the linear fits for the graphite/epoxy 
spall particles given in Figures 3-29, 3-52, and 3-76 are all 
plotted in Figure 5-7 with the overall graphite/epoxy spall 
average. The ejecta and spall average lines as well as the 
overall graphite/epoxy average are plotted in Figure 5-8. Spall 
is typically about 60 to 70 percent of the total ejecta and spall 
mass for the plate thicknesses (approximately 0.1 in.) tested in 
this study as is indicated in Table 3-2. 

From Figure 5-8, it is evident that although there is about 
twice as much spall mass as ejecta mass, the number of particles 
of a given particle mass and greater for the same ratio of particle 
mass to total particle mass (ejecta or spall) is nearly the same 
for ejecta and spall (for typical particle to total mass ratios 
of 0.0001 to 0.05) . In other words, there are approximately 
twice as many spall particles as ejecta particles for a given 
particle mass. (The real factor is ^ raised to the n power when 
total spall mass is twice the ejecta mass which, because n 
approximately equals -1, makes N s = 2 * N e ) . The k and n constants 
for the general equation are: 

— k — D 

G/E Ejecta 0.0276 -1.155 

G/E Spall 0.0070 -1.382 

G/E Avg. 0.0131 -1.253 

In Figure 5-9, the average equation for graphite/epoxy with 
cloth is plotted with the average equation for graphite/epoxy without 
cloth. In Section 5.1.1, it was mentioned that for a given 
energy projectile there was little observable difference between 
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cloth and no-cloth covered graphite/epoxy in terms of the total 
ejecta/spall mass. Given that information, it is apparent from 
Figure 5-9 that, in the typical particle to total mass ratio range 
of 0.0001 to 0.05, there are more ejecta/spall particles that 
have large relative masses (particle to total mass ratio of 0.001 
and greater) for graphite/epoxy targets without cloth than with 
cloth. The reverse holds true for ejecta/spall particles of 
lower relative masses (particle to total mass ratio of less than 
0.001) . The k and n constants for the general form of the equation 
are: 

K n ... 

G/E w/ Cloth 0.0036 -1.426 

G/E w/out Cloth 0.0356 -1.157 
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Cloth + No Cloth 




5.2.2 Aluminum Targets 


In Figure 5-10, the overall average graphite/epoxy equation 
(from Section 5.2.1) is plotted with the average aluminum equation 
of Figure 4-24 and a equation from the literature for the mass 
distribution of particles resulting from a 10 Km/sec impact on an 
aluminum spacecraft (Ref. 1, p.2640) . From Figure 5-10 it is 
clear that the aluminum test where particle counts were taken 
(shot #933) resulted in somewhat fewer particles of a given mass 
and greater than the literature equation for orbital debris 
impacting into an aluminum spacecraft. This may be due to the lower 
density for the nylon projectile (1.14 g/cc) used in shot #933 
versus the presumed higher projectile density in the tests that 
resulted in the reported spacecraft particle distribution (typically 
2.8 g/cc is used for orbital debris density). The k and n constants 
for the general form of the equation are: 

— k — 0 

G/E average 0.0276 -1.155 

A1 average 0.0873 -0.997 

A1 Spacecraft 0.8 -0.8 


5.3 Number of Ejecta/ Spall Particles of a Given Energy and Above 

A key pair of equations developed for the damage assessment 
model (described in Section 6) relates the number of ejecta and 
spall particles of a given energy and above to the particle 
energy and the total ejecta and spall mass for both graphite/epoxy 
and aluminum (6061-T6) targets. The general form of the equation 
is: 

Log (N) = a * (Log (E / M es ))2 + b * Log (E / M es ) + c 

where the number, N, of ejecta/spall particles of a given particle 
energy, E (J) , and greater related in a second— order Log— Log 
expression to the particle energy and total ejecta/spall mass, 

Me S <9>: The total ejecta and spall mass, M es ( g ) , i s related to 
the projectile energy as explained in section 5.1. The equations 
and constants (a,b,c) for both graphite/epoxy and aluminum targets 
are described in the following sections. 
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5.3.1 Graph! te/Bpoxy Targets 


Figure 5-11 shows the least-squares fit to all the graphite/ epoxy 
data for which particle counts were completed (shots #883 , 4884, 
#894, *917, and #923). Curve-fits were also developed for 
graphite/epoxy with and without a cloth covering as given in 
Figures 5-12 and 5-13, and to describe the graphite/epoxy ejecta 
and spall particle energies as given in Figures 5-14 and 5-15. 
The curves for cloth and no-cloth covered graphite/epoxy are 
compared in Figure 5-16. From this figure it is obvious that a 
cloth covering reduces the energy of the ejecta/spall particles. 
As will be seen in section 5.4, this is due to the reduction of 
the ejecta/spall particle velocity. Ejecta and spall particle 
energy curves are compared in Figure 5-17. There is not a large 
difference between ejecta and spall particle energies (on a ratio 
basis of particle energy to total particle mass; remember that 
spall mass was found to be approximately twice ejecta mass in 
this study) but a slight tendency exists for spall to have more 
higher energy particles and fewer lower energy particles than 
ejecta (on a ratio basis). The graphite/epoxy coefficients for 
the general equation (a,b,c) are: 


G/E overall 
G/E w/ Cloth 
G/E w/out Cloth 
G/E Ejecta 
G/E Spall 


2 

-0.168 

-0.322 

-0.163 

-0.218 

-0.169 


& 

— 0 .851 
-1.227 
-0.663 
-0.897 
-0.674 


£ 

+1.695 

+1.203 

+1.822 

+1.602 

+1.737 


5.3.2 Aluminum Targets 


Figure 5-18 shows the quadratic form of the ejecta/spall 
particle energy distribution for aluminum (shot #933) . The 
aluminum ejecta equation and curve appears in Figure 5-19, the 
aluminum spall equation is in Figure 5-20, and a comparison between 
them in Figure 5-21. There were significantly more higher energy 
and less lower energy spall particles than ejecta particles. 
This was due to the mass distribution of the aluminum ejecta/spall 
particles, not a difference in observed velocity between ejecta 
and spall. There were many more large particles (chunks) in the 
aluminum spall, while the aluminum ejecta was mainly very small 
particles (less than/ equal to 0.0001 g) and dust. A comparison 
between the overall graphite/epoxy and overall aluminum particle 
energy curves is given in Figure 5-22. These curves were used in 
the damage assessment model as discussed in Section 6. Basically, 
there were significantly more high energy and less low energy 
aluminum ejecta/spall particles observed than graphite/epoxy 
ejecta/spall particles for the limited number of shots made 
during this study. 
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LOG(Energy Port/Moaa ej+ap) E(J),M(g) 
oil G/E ahota + Al ahot #933 



5.4 Ejecta/ Spall Particle Velocity and Hass 


Figure 5-23 is a combination of Figures 3-9, 3-22, 3-41 , 3- 
51, 3-65, and 3-75. It gives an idea of how the calculated 
particle velocity varies with particle mass. Some of the lower 
mass ejecta/spall particles can travel relatively fast while all 
higher mass particles tend to travel slowly. For each individual 
shot, a line was constructed that delineated the maximum particle 
velocity boundary. There was little real difference between 
ejecta and spall particle velocities# However# the particle 
velocities for cloth covered graphite/epoxy were significantly 
lower than for graphite/epoxy without cloth. Figure 5-23 shows 
three lines which are averages of the individual boundaries: 


G/E w/out cloth V * -540 * M + 4.65 

G/E average V * —1543 * M + 4.09 

G/E w/ cloth V = -2546 * M + 3.53 

where the maximum ejecta/spall particle velocity, V (km/sec) , is 
related to particle mass, M (g) . These equations were not used 
in the damage assessment model described in Section 6, but are 
presented to indicate calculated particle velocity distributions. 
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6.0 Estimate of Damage Potential to the Space Station 


Based on the scaling relationships developed in the previous 
section, a preliminary assessment was made of the relative amounts 
of damage that can be expected from impacts by ejecta and spall 
particles on particular Space Station structures. The flux from 
primary impacts (meteoroids and orbital debris) is compared to 
the flux from secondary impacts (ejecta and spall) with a given 
critical kinetic energy that will result in damage to the particular 
Space Station structure of interest. A spreadsheet program for 
IBM compatible PC computers was developed to perform the damage 
assessment calculations. 


This section describes the damage assessment model ; specifically 
summarizing the empirical equations used for relating the 
primary/secondary fluxes and explaining the main model assumptions. 
Then, the results from applying the model to cases of interest 
(Station module window, docked Space Shuttle window, habitat 
module wall, and solar panels) are described. 


6.1 D ama ge From Primary Impacts - Meteoroids and Orbital Debris 

Spacecraft, space stations, and satellites in Earth orbit 
are susceptible to potential damage from collisions with both 
meteoroids and orbital debris. Meteoroids occur naturally while 
orbital debris (or space junk) originate from man-made objects. 
Generally, because orbital debris ar e Earth— orbiting while meteoroids 
follow interplanetary trajectories, the relative velocities are 
lower for collisions between orbital debris and spacecraft (average 
approximately 10 km/sec) than for meteoroid collisions (average 
approximately 20 km/ sec) . The average density of orbital debris 
is approximately that of aluminum, 2.8 g/cc, while cometary 
meteoroids have a typical density of 0.5 g/cc. Both types of 
objects are assumed to be spherical. 

The level of hazard to a spacecraft from primary impacts 
depends on the size of the spacecraft, the number and size of 
primary objects in its operating environment and the time-in- 
orbit for the spacecraft. The number of impacts, N. over a time 
period, t (yrs) , is related to the primary flux, F (impacts/m 2 
of surface area - yr) , and spacecraft surface area, A (m2), by: 


N A = f * A * t 
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6.1.1 Meteoroid Model 


fh , NA !£ recommended meteoroid model (Ref. 7) was used in 

this study. The average near-Earth meteoroid flux, F *. 
of surface area - yr) , with meteoroid mass, 1 \ TO ^ \l r m 2 
is given by the following equations: ^ net (g) ' d larger 


for Mmet^lO" 6 ' 

Log ^ F met^ e -1.213 * Log(M met ) - 6.871 
and for M me t<10" 6 , 


Log (Fmet) = -0.063 * (Log (M met ) ) 2 - 1.584 * Log(M met ) - 6 . 840 

recen^w^r^f^p/ 1 ^/® * SSUmed to be omnidirectional although 
k (R . ef * 8) indicates a directional dependence with most 
shi pihb ^ c °niing from the direction of motion. The Earth partially 
^ tbe s P ace Station from meteoroids and the extent of 
shielding is a function of altitude (Ref. 9). The ecmaUnn 

is: mUltiPllCatiVely com P ensate the meteoroid flux for this effect 


SF ■ (R + H + (h2 + 2RH) 3 5)/(2R +H) 

th^Earth + whic ^ depends on the radius of 

tne Earth, R, and the altitude of the Space Station, H. Because 

flux i°6 d als r 0 e h y the f ar ‘ h 'f gravity field, the meteoroid 

4 -u j. ctore< ^ ky a Earth defocusing factor, DF, which 

Ea^h fn unita of* ¥.?,*• e redius? rf" Statl ° n t0 the “ ntet of 
DF « 0.568 + (0.432/r) 


6.1.2 Orbital Debris Model 

“ • - sssas- assays 

and°buViH 0I rf ltal d l bris tends to accumulate (with every launch) 
nrKi^ ld <f . r ?l subsequent collisions with other objects) in 

nrhi^e 2£® Cia J ly for fre< 3 uent ly used low Earth and geosynchronous 
orbits. The only natural mechanism for debris removal is atmospheric 

S?i ! c Wh - 1Ch ? CtS sl . owly exce P t at the lowest altitudes. Thus, orbital 

I 10-13) future missions ° (Ref s! 

surface are?- 1 ”?,' ^w P ith debArmils d M bri ( S f 1UX '> ***P acts/n »* 2 
* ' wxtn aeons mass, M od ( g ) , and greater for a 
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Space Station in 30 degree inclination, 500 km circular orbit is 
given by (Ref* 14) : 

for M 0( j<=1.47 g 

Log(F od ) = -0.84 * Log(Mod) “ 5.320 
and for M od >i.47 g, 

Log(P 0 a) - 0.0391 * (Log (Hod) > 2 " °' 4 * 6 * Lo 9 (M od> - 5-384 

The orbital debris flat is highly directional (essentia^ only 
Ref. 14) . 

6.1.3 Space Station Area Model and Probability of Impact 

. the dual keel Space Station was developed early 

in this study to determine the surface area to be uBedincalcuiating 
the th to B tal number of priory on^surf^ce 8 ^ 

m Hi of truss Liar arrays, radiators, 

an^m^ajor ^yload/experiment ^ckages^ as ^n i^ Table 6-1 £ 

r k 

ifi 17) and this model requires updating. However, it is presente 
? 6 ' 17 L ", ,1 f he surf aS area was used in the damage assessment 
here beca £®® . SDace station surface area should not change 
rhf Vela C t h fv n e ge damage P p C o\e S n\\a! n between primary and secondary 
impacts much. 

The meteoroid and orbital debris fluxes are calculated using 

in ^or6 a f“%i^, the 
^ t^S^ce Vatin^f calcula'ted 1 ^ om^oisstfn ^s ^oTatii ^ , 

p ni - exp (- (Fmet * SF * DF + F 0 d> * t * A) 

6.2 Damage Prom Secondary Impacts - Ejecta and Spall 

A model was constructed and programmed in a 8 P rea< * sb ®** 
format to estimate the amount of damage tbab ca "^® ex P ect 
secondary impacts. That program is described below. 
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6.2.1 Damage Assessment Worksheet 

set t a h f iS i?n rtiCU 1 lar example ' the critical energy was arbitrarily 

SI? 

Se flu“\alcSlatioX / ^oS° ndar 7 part , iCleS °" the sensitive surface, 
aria directly. "° lnvolve the sensitive area surface 

However, the surface area is involved indirectly in another 

Statilm^that "f aces~~the IlnfATve^allf 30 ^ ^ “ a « 

pr od u^e s^e le eta / s pa 1 1 * t h a t ^ Spa « Sta “°" " s “ rf “«"«« that 
piuuuces ejecta/spall that can Dotential l v hit- 

decreases, less station surface area is within ? r ®? 

of the sensitive surface. This factor will ti rSlrilS'lfll^SI 
the text. SUrf3Ce areS £raction “ or SAF through the remainder of 

cover ed°by e the m station as*' ‘se^Tf, r« ttl'llnlftijl surface" fuAZ 
hemispherical geometry). Because it is ge^ltrv rlllted ll 

ZtlpntlLtpX the t user > . reS This ^factor* w^l £ 

by prp/ a C/ct .“oTtte’&U ' ?£& £ tZML^Lt hlfsTht 
sensitive surface is thus calculated as the product "of SAP^ani^vp 
(this.product will be referred to as the seco^da^implcff rlllill 

K° r a 4 .. g . iven critical energy, the flux of primary particles 

fr£" a £ V a "^ /•^? I ^ e |.l i ! 2 r al alS 1 ?|| d av b |n d e 0 v n el th oliS U es X 

for meteoroids and orbital debris. These fluxes for 9 the exampll 
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or i Heal energy of 120 J are given on the first page of Table 6-2 

sag- s? Asram 

flux becomes the more important primary flux. 

The eiecta/spall flux of particles having the critical 
energy and greater *» integrates 

averages for "^nations in Section 

l^age'pot^itVal^o^^graphite/epoxy 

ejecta/spall. 

Tf 4 -h#> results from applying this model to sensitive areas of 

isrs*. vss; 

rSSiSrste 

on the sensitive surface. 

xft-er the total ejecta/spall mass is calculated, the equations 
Mter the total ejecta/ » t« d ^ determine the number (or 

striking the sensitive surface. the r esuT P ing SF is 0.0625 

ihich“ “suits \n Si fjecta/spali flu^. « 8 ° f tf f c * 

\T tUT^cl station' was entUely graphite/epoxy and about 6% if 
It was aV^inum. This exampl^J-ndi cates JjhaJ. aligner £ or *• 

for damage from secondary impacts. 

pfoure 6-2 is a graph o£ the Table 6-2 example that plots 
the secondary flux versus SF. ^e graphi^te^epoxyi secon^aj^ 

because 8 oi an assVpUon tSat significantly reduced the number of 
po tent*i ally damaging aluminum sjecta/spall particles. This 
assumption is explained m Section 6.2.2 (letter d . 
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Log Flux (Impacts/m 2 (surfacearea) - yr) 


Figure 6-1 

Primary Fluxes (from Ref. 14) 


1 990's AVERAGE ENVIRONMENT 


Meteoroids 



Orbital Debris 
500 km Altitude 


400 km Altitude 



Table 6-1 
(pige 1 of 3) 


Properties 

Cosposite density Ig/cd 
Meteoroid density Iq/cc J 
Dr Si til Debris density <»/«) 


Value 

1.5775 

0.5 


2.8 


OluaiMa den. 

(f/ccl 


2.712 


Meteoroid critical uss Ig) 3.4452E-01 dee. Vel. Ue/s) 

Orbital Debris crit. *a« l9 J 1.4441E+00 *ve. Vel. Cke/s) 


Spice station structure life (yrsl 
logistics aodule life (yrs) 

Ejecta station nw factor 


Meteoroid Energy U1 
Orbital Oedris Uergy <J* 


72303.0 

92185.1 


864/3501*4 HaidirKtiMal Fiber 
It {giga Pa) 1,02000 5 l«i«a Pa) 1.12110 

Ic ( 919 a Pa) -2.27000 I ( 919 a Pal 0.10204 

ft <9191 Pa) 0. 04214 

tc ( 919 a Pa) -0.09306 


Vaporization Energy U /91 
Vaparuatien Energy U/|) 


3576.5 

12059.0 


81 2219-TO yield stress 1919 a Pa) 0.317159 
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TaJble 6-1, Continued 
(page 2 of 3) 

me mnai 

MF«a MU TMkUTJM 
MML ttEl KFERENCE C0VJEUUT1W 


JTEH 

SHAPE 

LENGTH 

HIBTH OR 

kmh ureas miser tdt.smf. mteiial 

8K1N 

TOTAL 

TINE 



FT 

B1AMETER 

AREA 

AREA TYPE 

THICKNESS 

SURF. AREA 



FT 

FT FT SOU). 

FT mo. 

INCHES 

METERS Sfi. 

TEARS 

Comm Nodule 

Cylinder 

42 

14 

2,155.1 

4 1,420.5 AImjmm 

0.14 

800.87 

30 

CM 1202 

Cylinder 

21 

14 

1,231.5 

1 1,231.5 AJ Muni 

0.04 

114.41 

30 

Logistics Mod. 

. Cylinder 

36 

13.2 

1,149.5 

1 1 ,849.5 Composite 

0.1 

171.82 

1 

Solor Arrays 

Flat Plate 

10 

32.5 

5,200.0 

1 41,400.0 Car Mi c 


3,844.77 

30 

Radiators 

(Module) 

Flat Plate 

50 

24 

2,400.0 

2 4,100.0 ArtaJiic 


445.93 

30 

Midi at or & 
(Par sys.) 

Flat Plate 

SO 

4 

AOO.O 

2 1,200.0 Metallic 


211.41 

30 

Hangar 
(TM 2570) 

Ioj 

SO 

27 

25 7,590.0 

1 7,590.0 Coaposite 


705.13 

30 

SAT instr.Stor 

. Boi 

45 

10 

10 2,000.0 

1 2,000.0 Coaposite 


185.11 

30 

SAA 0004 

Soi 

20 

10 

10 1,000.0 

1 1,000.0 Coaposite 


02.00 

30 

TM 2010 

Boi 

10 

10 

10 400.0 

1 400.0 Cwpesite 


55.74 

30 

SM 0075 

Boi 

15 

10 

10 100.0 

1 800.0 Coaposite 


74.32 

30 

SAA 0207 

loi 

10 

10 

10 400.0 

1 400.0 Coaposite 


55.74 

31 

SAA 0009 

Boi 

15 

* 12 

10 900.0 

1 000.0 CaapetiU 


83.41 

30 

SAT Stor. Say 

Soi 

70 

30 

30 10,200.0 

J M, 200.0 


047.41 

30 

Ml SVC Say 

let 

70 

30 

J» 11,200.0 

1 10,200.0 Coapoatte 


047.41 

30 

TM 2in0 

los 

12 

S 

4 040.0 

1 840.0 taapaoite 


21.04 

30 

Refueling lay 

Boi 

70 

30 

30 10,200.0 

J 10,200.0 Coaposite 


047.41 

30 


Truss Eleevnts 








(in a 14.4042 Foot cube truss, tbere is app. 255.3029 linear diet of 

2 jack 00 tubes.) 



Boca len. 

Lin. ft 

MidtA 







mi 

of truss 

(ft) 





Dual Keel 

Cylinder 

311.7 

4,850.6 

0.147 2,539.9 

2 5,079.7 Coaposite 

' 0.1 

471.02 

30 

Upper Boot 

Cylinder 

147.4 

2,297.7 

0.147 1,203.1 

1 1,203.1 Coaposite 

0.1 

111.77 

30 

Loner Boot 

Cylinder 

147.4 

2,297.7 

0.147 1,203.1 

1 1,203.1 Coaposite 

0.1 

111.77 

30 

Hid Boot 

Cylinder 

114.8 

1,787.1 

0.147 935.7 

1 035.7 Coaposite 

0.1 

84.93 

30 

Transv. Booa 

Cylinder 

147.4 

2,297.7 

0.147 1,203.1 

2 2,404.2 Coaposite 

0.1 

223.54 

30 

(inboard and outboard) 







Module Support 
Booa Eluents 

Cylinder 

213.3 

3,318.9 

0.147 1,737.8 

1 1,737.1 Coaposite 

0.1 

141.45 

30 

Truss Total 





22,545.4 


1,147.38 

30 

0HV 

Cylinder 

3 

15 

141.4 

2 282.7 Aiooiauo 

0.04 

24.27 

30 

Airlocks 

Cylinder 

10 

7 

219.9 

2 430.1 Aluainua 

0.04 

40.84 

30 

Antenna 

Bistt 

- 

100 

7,154.0 

1 7,854.0 Coaposite/Metal 

729.44 

30 

(TM 2060/2070) 







(tit 10. I .til 





125,373.4 


11,447.58 

10 
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Table 6-1, Continued 
(page 3 of 3) 


IMPACT PR0BABIL1IV CALCULATIONS 


MEK 


DEBRIS 

DEBRIS DEBRIS DEBRIS FLU! MOVE 
CRII. BASS AVE. VOL. AVE. DIA.CRIT. HASS 
DRABS (CC> (CHI 1/H‘J/BR 


HO DEBRIS IMPACT 

PROBABILITT METEOROID EARTH 

CR1T. NASS OR AVE. DIA. DEFKUSIMS 

SREATER (CM) FACTOR 


METEOROID HO MET. IMPACT 

EARTH FUJI ABOVE PROBABILITY 

SHIELDING CRII. MASS CRIT. HASS OR 

FACTOR I/IT2/VA SREATER 


COMBINED NO LIFETIME IMPACTS 

IMPACT PROB. Crit. Mm E 

CRIT. HASS OR Srt.ltr 

SREATER MET. DEBRIS 


Coucn Nodule 

1.44*1 

5.24E-Q1 

1. 000 

3.597E-06 

0.91720 

1.12E+00 

m 1202 

1.4461 

5.24E-01 

1.000 

3.597E-06 

0.98773 

1.12E+O0 

Logistics Hod. 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.9993B 

1.12E+00 

Solar Arrays 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.65095 

1.12E+00 

Radiators 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.95301 

1.12E*00 

Module) 

Radiators 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.98004 

1.12E+00 

ifnr sys.l 
hangar 

1.4661 

5.24E-01 

1.000 

3.597E-04 

0.92672 

1.12E+00 

<!DN 257u» 

SAT Instr.Stor. 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.98015 

1.12E+00 

SAA OOl't 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.99002 

1.I2E+00 

TDH 2010 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.99400 

1.12E+O0 

SAA 0005 

1.46b! 

5.24E-01 

1.000 

3.597E-06 

0.99201 

1.J2E+00 

SAA 0207 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.99400 

1.12E+00 

SAA 0009 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.99102 

1.I2E*00 

SAT Stor. Bay 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.90279 

1.12E+00 

SAT SVC Bay 

1.4661 

5.24E-01 

1.000 

3.597E-Q6 

0.90279 

1. 12E+00 

TDH 2260 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.99161 

1.12E+00 

Refueling Ray 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.90279 

1.12E+00 


0.9675 

*0.717 

4.185E-07 

0.9930 

9.11E-01 

0.0070 

O.OBw . 

0.9675 

0.717 

4.TS5E-07 

0.9990 

9.87E-01 

0.0010 

O.0P’’' 

0.9675 

0.717 

4.185E-C7 

1.0000 

9.99E-01 

0.0000 

0.00 

0.9675 

0.717 

4.I85E-07 

0.9669 

6.37E-01 

0.0337 

0.4171 

0.9675 

0.717 

4.185E-07 

0.9961 

9.49E-01 

0.0039 

0.04 

0.9675 

0.717 

4. IB5E-07 

0.9990 

9.87E-01 

0.0010 

0.0120 

0.9675 

0.717 

4.185E-07 

0.9939 

9.21E-01 

0.0061 

0.07 

0.9675 

0.717 

4. I85E-07 

0.99B4 

9. 79E-01 

0.0016 

0.0201 

0.9675 . 

0.717 

4.105E-O7 

0.9992 

9.89E-01 

o.oooe 

0.01 

0.9675 

0.717 

4. I85E-07 

0.9995 

9.94E-01 

0.0005 

O.OO&u 

0.9675 

0.717 

4. 185E-07 

0.9994 

9.91E-01 

0.0006 

O.CKf 

0.9675 

0.717 

4.IB5E-07 

0.9995 

9.94E-01 

0.0005 

0.00., 

0.9675 

0.717 

4. 185E-07 

0.9993 

9.90E-01 

0.0007 

O.OO^ 1 

0.9675 

0.717 

4.IE5E-07 

0.9910 

8.95E-01 

0.0083 

o.io: 

0.9675 

0.717 

4. 105E-O7 

0.991B 

0.95E-O1 

0.0083 

0.1023 

0.9675 

0.717 

4. 185E-07 

0.9993 

9.91E-01 

0.0007 

0.00! 

0.9675 

0.717 

4. 1B5E-07 

0.9918 

B.95E-01 

0.0083 

0.1023 


Dual Keel 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.95034 

1.12E+00 

Upper Boot 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.98801 

1. 12 r *00 

Loner Scot 

1.4661 

5.24E-01 

1.000 

3.577E-06 

0.98801 

1.12E+00 

Hid Boao 

1.4661 

5.24E-OI 

1.000 

3.597E-04 

0.99066 

1.12EfOO 

Trans*. Boot 

1.4*61 

5.24E-01 

1.000 

3.597E-06 

0.97614 

1.12E+00 

linboard and ou 

HciJe Support 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.98273 

1.12E+00 

Bcca Elesents 

Truss Total 

1.4661 

5.24E-01 

t.ouo 

3.4474E-06 

8.8565E-01 

1.12E+00 

OHV 

1.4661 

5.24E-01 

1. 000 

3.597E-06 

0.99717 

1.12E+00 

Airlocks 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.99560 

1.12E+00 

Antenna 

1.4661 

5.24E-01 

1.000 

3.597E-06 

0.92427 

1.12E+O0 

(TDH 20AD/;070 

Station Total 

1.4661 

5.24E-01 

1.000 

3.597E-06 

2.8449E-Q1 

1.12E+00 
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0.9675 

0.717 

4.185E-Q7 

0.9959 

9.46E-CI 

0.0041 

0.050 

0.9675 

0.717 

4. 1B5E-07 

0.9990 

9.07E-O1 

0.0010 

0.012 

0.9475 

0.717 

4.1 BSE -07 

0.9990 

9.B7E-01 

0.0010 

o.oi: 

0.9475 

0.717 

4.18SE-07 

0.9992 

9.9OE-01 

0.0008 

0.009 

0.9475 

0.717 

4.1I5E-07 

0.9981 

9.74E-01 

0.0019 

0.024 

0.9675 

0.717 

4.1B5E-07 

0.99B6 

9.81E-01 

0.0014 

O.OP 

0.9675 

0.717 

4.185E-07 

0.9899 

B.77E-01 

0.0102 

0.121 

0.9675 

0.717 

4.1B5E-07 

0.9998 

9.97E-01 

0.0002 

0.002 

0.9675 

0.717 

4. 185E-07 

0.9996 

9.95E-01 

0.0004 

0.00' 

0.9675 

0.717 

4.185E-07 

0.9937 

9.18E-01 

0.0064 

0.071 

0.9475 

0.717 

4.IB5E-07 

9.0353E-01 

2.57E-01 

0.1014 

1.25 



191 




192 





0 ) 

D 

C 

•H — . 
4J rr 

C 

0 m 

u o 

ro 

rg 

1 0 ) 

V£> tP 

fd 

oj a 
' — ■ 

,Q 

fd 

Eh 







193 





19 4 



lux Striking Sena. Area 



b) 


c) 


€.2.2 Model Assumptions and Approximations 

The worksheet model included a number of ass umpt ions/ approx- 
imations which a re explained below. The specific model applications 
describedin Section 6.3 were all determined using these assumptions. 

a) The model includes both ejecta and spall in the ®ass and 
number of secondary particles produced from primary impacts. 
Because some of the spall produced in an impact might be 
contained and prevented from further impacts on other surfaces, 
this assumption contributes to increasing the es^nwte of 
potential damage from secondary impacts. The locatio 
the specific sensitive area relative to the rest of the 
station will determine if it is subject to seconds ry ejecta, 
spall, or both. When using the tables generated, this can 
be taken into account by choice of SF. 

The user must supply a "critical energy" that will result in 
damage to a surface of interest. There may be more appropriate 
parameters than kinetic energy to scale on. 

The flux of ejecta/spall particles having the critical 
energy and above is determined using empirical equations 
developed in this study. These equations are necessarily 
extrapolated beyond the bounds of the tests run in this 
study P (due to the tremendous velocities of meteor oids/debr is 
which we are trying to model) which implies that an unknown 
amount of uncertainly is introduced into the calculation. 

d) It was assumed that aluminum vaporizes with projectile 
velocities above 7 km/sec (Ref. 2, p.489— the user can easily 
chanqe this variable) and above this velocity, impacts on 
aluminum structures will not produce any damaging ejecta/spall 
Darticles (only vapor or very small particles which would be 
a problem to structures only a relatively few inches 
the impact point). This limit acts to reduce the total 
(secondary producing) flux of orbital debris on aluminum to 
about a quarter of its original. This 25% factor is calculated 

within the model from the orbital debris v . el ° c > ty - dls ^F^ u ^®[J 
(Ref. 14) and is equal to the orbital debris fraction with 
velocities less than 7 km/sec. This limit also reduces the 
average orbital debris velocity that will produce any damaging 
ejecta/spall from the actual average (9 * 3 k ® /aec \ t0 
average below 7 km/sec (or approximately 4.2 km/sec). 
assumption also nearly eliminates meteoroids as a source of 
damaging ejecta/spall on aluminum structures because of the 
high relative meteoroid velocities. 

Because no information was available on meteoroid 
distributions when this part of the study was 
meteoroid relative velocity for aluminum structures was 
taken as the assumed aluminum vaporization velocity, 
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km/sec. No corresponding vaporization velocity is assumed 
for graphite/epoxy targets, pushing the aluminum-graphite/epoxy 
comparison toward aluminum's favor. 

e) The slopes of the mass distribution curves (Section 5.2) are 
assumed to not change significantly at higher impact velocities. 
From reported results of fragmentation distributions due to 
different energy explosions (Ref. 18) , this is probably not 
quite true (higher energy impacts may produce relatively 
more small particles and less large particles). 

f) The Space Station nominal altitude was assumed at 500 km 
(270 nm) . Recently, the baseline operating altitude was 
reduced to 463 km (250 nm) to lower launch costs (Ref. 19). 
This change will result in somewhat reduced orbital debris 
flux. 

g) Self-shielding of various Space Station elements is not 
considered — the entire Space Station surface area is assumed 
exposed to orbital debris/meteoroid damage. 

h) The program under-estimates the secondaries damage potential 
at very low critical energies because the lower projectile 
mass limit in the secondaries flux integration (presently 
set at 0.001 g) is not low enough. 

i) It is assumed that if ejecta or spall particles hit the sensitive 
surface, they will do so immediately after being produced. 
No attempt is made to calculate through orbital mechanics 
whether any secondary collisions are possible several orbits 
after the primary impact event. 
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Primary and Secondary Particle Fluxes 

vs % S/S crit energy ej/sp flux on area 



% of S/S Ej+Sp Flux Striking Sens. Area 

Primary Fluxes O G/E Ejecta & Spall X Al Ejecta 8c Spall 





Primary and Secondary Particle Fluxes 

vs % S/S crit energy ej/sp flux on area 
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% of S/S Ej+Sp Flux Striking Sens. Area 

Primary Fluxes O G/E Ejecta & Spall X Al Ejecta & Spall 
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6.3 


Application of Model to Cases of Interest 


visualize general geometry and view factors. 


204 



(jA— 3^uj/s)ODduji jo Jdquunu) xny 6o~j 


203 


O Met 




6.3.1 Nodule Window 


The module window design discussed in this section was taken 
from a NASA white paper (Ref. 22). Current window/viewing 
requirements are under review (Ref. 25) but the window damage 
assessment technique discussed here could certainly be applied to 
new window designs. Primary and secondary fluxes are calculated 
for one of four windows in a module; each window being 16 inches 
in diameter, double pane, with a 1 inch thick pane of fused silica 
glass. 

Several impacts on previous space station (Skylab, Salyut) 
windows have been recorded (Ref. 23, 24). For instance a Soviet 
Salyut 7 space station window was struck on July 27, 1983 causing 
a loud crack heard by the two-man cosmonaut crew. The Soviets 
characterized the impact as "an unpleasant surprise," although 
the 0.15 in. diameter crater on the window did not threaten the 
pressure integrity of the pane (Ref. 24, p.125) . 

6. 3. 1.1 Critical Energy Calculation 

The critical energy calculation given in Table 6-3 utilizes 
a penetration equation developed for Apollo windows and a criterion 
to prevent spallation (Ref. 26). The penetration equation related 
crater depth, P (cm) , to projectile density, p (g/cc) , projectile 
diameter, D (cm) , and to projectile velocity, V (km/sec) . 

P = 0.53 * p0.5 * d 1.06 * y0.67 

The no-spall criterion related the minimum window thickness to 
prevent spallation, t (cm) , to the crater depth. 

t = 7 * P 

From the penetration equation and failure criterion, the window 
pane thickness of 1 in. , and known orbital debris/meteoroid 
density and velocity, the critical size and energy of the projectiles 
was calculated as given in Table 6-3. From the fluxes of orbital 
debris and meteoroids having this critical size and greater (equations 
given in Section 6.1.1 and 6.1.2), the weighted average critical 
energy for failure of a 1 inch thick glass pane was calculated as 
approximately 100 joules. 

6. 3. 1.2 Discussion 

Table 6-4 is the output of the one module window damage 
assessment program. The window critical energy of 100 J and 
surface area of 0.13 nT2 has been entered. A SAF factor of 25% 
was calculated/estimated and a VF of only 10% was estimated 
because the module window for this analysis was oriented facing 
away from the other modules (facing mainly truss, radiators and 
solar arrays) . With these factors a very low SF of 0.025 was 
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Table 6-3, Window Worksheet 



Average Critical Energy (J) 103.92 

above which results in spalling o-f the -first glass 

pane -from Meteoroid $< Orbital Debris Impacts 
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calculated. The important output is within the highlighted block 
on the first page of the table. Given the low SF, ejecta/spall 
adds only 2-3% to the total critical energy flux expected on the 
window. The design factor for compensating the primary flux would 
be 1.03 in this case. 

However, viewing requirements may require that some of the 
pressurized volume viewing ports have unrestricted views of a 
large part of the station. For instance, some recent designs 
call for a 5-window-sided workstation cupola positioned at a 
Space Station node hatch (Ref. 25, pp.2B-25,2B-39,2B-40) which 
would be designed for good station viewing (Figure 6-9 and 6-10). 
If the VF went as high as 50% and SAF decreases to 20% (the SAF 
decreases as VF goes up because less of the total station is seen 
by the sensitive surface), the SF would be 0.1. From Figure 6- 
11, a 10% SF would increase the ejecta/spall fraction of the total 
critical energy flux on the cupola windows to about 0.09. Thus, 
a design factor of 1.1 should be applied to the primary flux on 
the cupolas to compensate for the secondaries flux. 
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node cupola viewing 
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6.3.2 Orbiter Window with Orbiter Docked to Space Station 

Figure 6-12 illustrates an orbiter docked to a Space Station 
module (Ref. 25, 2B-39) . The orbiter windows comprise three panes 
with the outer pane being 5/8 inch thick silica glass. The two 
underlying panes provide a primary and secondary cabin pressure 
integrity seal. Impact incidents involving the shuttle have 
happened before. In June 1983, a micrometeorite or debris particle 
struck Challenger's right-hand middle windshield (window no. 5) 
during STS-7. The crater measured 0.0178 in. deep by 0.0892 in. 
diameter. Including flaws in the glass, the total damaged area 
was 0.2 in. wide. Although the pressure integrity of the pane 
was not compromised, the window was replaced due to fears the 
damage could expand to dangerous levels when subjected to aerodynamic 
and heating loads during a later launch or re-entry (Ref. 24, p.125) . 

6. 3. 2.1 Critical Energy Calculation 

The failure criterion and penetration equation for orbiter 
windows was taken from a study on solid rocket product impingement 
on shuttle surfaces (Ref. 28). The penetration equation was very 
similar to Cour-Palais (described in Section 6. 3. 1.1). The 
crater diameter (with spall) , D c (cm) , is related to the projectile 
diameter, D (cm), projectile density, p (g/cc) , and projectile 
velocity, V (km/sec) . 

D c * 2.1 * D * p 0 * 5 * V0.6 

Applying this equation with orbital debris/meteoroid average velocity 
and density parameters to the size crater that resulted in replacement 
of the STS-7 window, enabled the calculation of the approximate energy 
of the impacting object (which differs between orbital debris and 
meteoroids) : 

Dia. (cm) Hass lg> Energy .(J) 

Meteoroids 0.0207 2.32E— 6 0.465 

Orbital Debris 0.0146 4.54E-6 0.196 

The proposed failure criterion for orbiter windows (Ref. 28, pp.3- 
16,6-15) was influenced by experimental evidence on the size of a 
flaw that would continue to spread after the impact event due to 
internal stress relief and thermal stress during entry. The 
failure criterion is in terms of the projectile diameter, D (cm) , 
and velocity, V (km/sec) . Above this value, an impacting projectile 
will have enough energy to make it necessary to replace the orbiter' s 
window. 

D * v 0 * 67 >= 11 
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Figure 6-12 (from Ref. 25) 
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As given in Table 6-5, this failure criterion results in a critical 
energy of 8.72E-7 joules which is too low for the model in its 
present state to accept without significantly underestimating the 
ejecta/spall effect (see Section 6.2.2, assumption h ). Therefore, 
a critical energy equal to 0.2 joules was used in for this calcu- 
lation. 


6. 3. 2 .2 Discussion 

The orbiter window critical energy (0.2 J) , surface area for one 
window (0.15 m2) , and docking period (0.019 yrs or 7 days) were 
input into the model as given in Table 6-6. Hie SAF factor was 
estimated as only 10% (because the orbiter is so close to the 
Space Station when docked to a module) while the VF was 50% 
resulting in a SF of 0.05. At the low critical energy of the 
orbiter window, graphite/epoxy ejecta/spall particles having the 
critical energy and greater are more numerous than aluminum. 
However, the secondary flux in this case is less that a percent 
of the total critical energy flux, whether the secondary flux is 
graphite/epoxy or aluminum. Therefore, a flux design factor for 
hazard assessment studies on the orbiter windows while docked to 
the Space Station would be approximately 1.01. Figure 6-13 
illustrates the dependence of the secondary fluxes on the SF factor. 
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Table 6-5 


Orbiter Window Critical Energy Determi nat i on 


Glass Thickness (cm) 
(outer o-f three panes) 


0.9525 


Particle Density (g/cc) 
part i cl e Velocity (km/s) 


Meteoroid Debris 
0.5 2.8 

20 9.3 


Particle Critical Diameter (cm) 0.00018729 0.000248 

(■from Re-f.28 study) 

Particle Mass (g) 1.72E— 12 2.26E— 11 

Particle Energy (J) 3.44E— 07 9.76E— 07 

Particle Flux ( #/ m -, '2— yr ) B.22E+02 4.20E+0o 

with critical diameter and greater 

Percent Flux 16.0-8 83.62 


Average Critical Energy (J) 8.72E— 07 

above which results in unacceptable damage to the -first glass 
pane -from Meteoroid & Orbital Debris Impacts 
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Flu* of critical 2.78E-0I 8.I3E-02 5.53E-02 3.54E-02 2.WE-02 2.I8E-02 I.85E-02 I.ME-02 7.48E-03 5.B2E-03 4.77E-03 4.05E-03 3.53E-03 3.13E-83 2.82E-03 2.57E-03 2.34E-03 2.I7E-03 2.04E-03 I.92E-03 1.B3E-03 

partulu of critical to arjy anf ;raatar fro* orbital drbrii iipacti 
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Table 6-7, Habitat Module Wall Damage Assessment Worksheet 

(page 1 of 4) 
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6.3.3 Habitat Nodule Wall 

It is likely that all pressurized volumes will be the most 
protected places on Space Station in terms of resistance to 
meteoroid/orbital debris penetration. The habitat module wall f 
therefore, is an example of the damage assessment model using a 
high critical energy. 

6 .3.3.1 Critical Energy Calculation 

The module double wall system may likely have to resist 
penetration from a 1 cm diameter orbital debris particle (density 
2.8 g/cc, velocity 9.3 km/sec) which has an average kinetic 
energy of approximately 60,000 joules (Ref. 27). 

6. 3 .3 .2 Discussion 

Table 6-7 gives the relative contribution of ejecta/spall to 
the total critical energy flux on two modules. Two 42 ft. long, 
14 ft. diameter modules will have approximately 350 m2 surface 
area. Since the modules are situated at the center of the Space 
Station, the SAF was estimated at 50%. The VF was calculated at 
approximately 10% which results in a SF of 0.05. The effect of 
different SF's on the calculated primary and secondary fluxes can 
be checked in Figure 6-14. 

The contribution of graphite/epoxy ejecta/spall to the total 
critical energy flux was practically negligible. However, because 
aluminum targets produce many more large, high energy ejecta/spall 
particles, the aluminum secondary flux contributed a surprisingly 
large fraction of the total critical energy flux or about 7%. If 
the Space Station was primarily aluminum, then module wall designers 
may want to multiply the combined orbital debris/meteoroid flux 
by a 1.075 factor in their hazards analysis calculations to 
compensate for the secondaries flux. 
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Mutfcfr of critical 4.84E-I0 4.0EE-10 U2E-09 I.26E-09 I.J7E-09 1.45E-09 B.82E-09 8.8IE-09 B.B4E-09 8.B5E-W B.B1E-09 B.74E-09 8.WE-09 8.54E-09 B.47E-0? B.J7E-09 8.28E-09 8.18E-09 B.09E-09 4.80E-M I.43E-07 

energy particles per a*2 - year. 



Primary and Secondary Particle Fluxes 

V3 % S/S crit energy ej/sp flux on area 
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Table 6-7, Continued 
(page 4 of 4) 

Ku.ber of critic»l 0.34 0.08 0.09 0.05 0.03 0.03 0.08 0.04 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0 00 0 04 

particles created fro* aeteoroid iapacts over lifetiae of station. 
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material. Including secondary impacts, the number of critical 
impacts on one solar array would climb to about 35,000. Over a 
10 year design lifetime, a solar array would receive about 11,500 
critical impacts. A solar array covered with the large area 
silicon cells that are 5.9 cm by 5.9 cm (Ref. 4, p.409) has about 
64,000 solar cells. Each impact that completely penetrates the 
solar array probably has the potential of causing a solar cell to 
fail. If each penetrating impact did cause a solar cell to fail, 
approximately 18 percent of the solar cells in a solar array 
would be inoperative after 10 years. Thus, the solar arrays may 
potentially need to be replaced every 5 years if only a 10 percent 
degradation in solar array performance is allowed. 
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6.3.4 Solar Panels 


The International Space Station configuration (Fig. 6-8) has 
four photovoltaic solar arrays. Each array measures 80 ft. by 
32.5 ft. (Ref.4 r p.407) . The Space Station reference description 
stated that solar cell performance is expected to degrade by 10 
percent over 10 years (Ref. 4, p.409) and solar array components 
would necessarily need to be changed-out. 

6. 3. 4.1 Critical Energy Calculation 

An early design for the solar cells called for a 0.008 in. 
thick silicon cell with a 0.006 in. thick cover glass. The 
penetration equation by Cour-Palais (Ref. 26 - same as Section 
6.3.1) was used to calculate the size of orbital debris/meteoroid 
particles that would penetrate the solar array. The penetration 
equation related crater depth, P (cm) , to projectile density, p 
(g/cc), projectile diameter, D (cm), and to projectile velocity, 
V (km/sec) . 

p a 0.53 * p®*^ * * y0 .67 

As given in Table 6-8, the diameter of the orbital debris/meteoroid 
particles that would create a crater with a depth equal to the 
total thickness of the solar cell (0.014 in.) was calculated. 
This failure criterion does not take into account spall effects 
which can be several times the crater depth and is therefore 
considered a high estimate. It is also assumed that silicon has 
similar penetration resistance as silica glass. The solar cell 
critical energy was calculated from a weighted average of the 
orbital debris/meteoroid critical energies as 0.21 joules. 

6. 3. 4. 2 Discussion 

The 0.21 J critical energy and 446 m2 surface area of one 
solar array (front and back surfaces) was used in the damage 
assessment model given in Table 6-9. Because of the large area 
of the solar array, the SAF factor was estimated as 50% while the 
VF factor was calculated as approximately 25%. This gave a SF of 
0.125. Hie calculated contribution of graphite/epoxy secondary 
flux was about 2% of the total primary and secondary flux having 
the critical energy and above. Because fewer numbers of aluminum 
particles were counted in this study's tests, the calculated 
contribution from aluminum secondary flux was less at the low 
critical energy of the solar cells than graphite/epoxy secondary 
flux. Thus, a primary flux design factor of 1.02 would include 
the effects of secondary impacts. Figure 6-15 gives the effect 
of SF on the calculated secondary fluxes. 

Over the 30 year Space Station lifetime, one solar array will 
likely receive over 34,000 primary impacts from orbital debris 
and meteoroids that will completely penetrate the solar array 
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Table 6-8 


Solar Cell Critical Energy Determination 


Glass Thickness (cm) 0.03556 

(8 mil silicon cell with 6 mil cover glass) 


Particle Density (g/cc) 
Particle Velocity (km/s) 


Meteoroid Debris 
0.5 2.8 

20 9.3 


Particle Critical Diameter (cm) 0.0163 0.0117 

•for crater depth to completely penetrate silica glass (from Ref. 26) 


Particle Mass (g) 
Particle Energy (J) 


1 . 1 4E-06 
0.23 


2.38E-06 

0 . 10 


Particle Flux (#/m''2-yr) 1.51E+00 2.53E-01 

with critical diameter and greater 


Percent Flux 


85.61 14.39 


Average Critical Energy (J) 0.21 

above which results in complete penetration of the sol ar cell 
from Meteoroid $< Orbital Debris Impacts 


233 




236 



235 


Flm of critical 2.71E-0I 8.00E-02 5.44E-02 3.53E-02 2.4BE-02 2.IBE-02 I.85E-02 I.04E-02 7.5IE-0J 5.B5E-03 4.B0E-03 4.0BE-03 3.54E-03 3.I4E-03 2.84E-03 2.59E-03 2.3BE-03 2.2IE-03 2.04E-03 I.73E-03 I.84E-03 

energy particle* of critical energy and greater fro* orbital debris impacts 



Primary and Secondary Particle Fluxes 

vs % S/S crit energy ej/sp flux on area 
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secondary flux, whether from aluminum or graphite/epoxy will be 
significantly less than primary fluxes having the critical energy 
or greater. A conservative rule of thumb would be to add 10 
percent to meteoroid and orbital debris flux to account for 
secondary impacts. 
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7.0 


Conclusions 


1. Spall mass made up approximately 70% of the total mass of 
ejecta/spall particles (for the thin, 0.1 inch thick, targets 
used in this study) . 

2. Total ejecta/spall mass was 20-100 times more than projectile 
mass (with projectile energy ranging from 50-120 Joules) . 
Ejecta/spall mass increased as projectile energy increased (with 
constant projectile mass). Higher target density and lower 
projectile density reduced total ejecta/spall mass. 

3. Some small ejecta/spall particles are fast while all large 
ejecta/spall particles are slow. 

4. Aluminum structures produce more high energy but fewer low 
energy ejecta/spall particles than graphite epoxy structures 
for a given energy impact. 

5. For thick graphite/epoxy targets, a cloth covering significantly 
reduced (by almost 50%) the total ejecta mass. However, it 
was not apparent that a cloth covering significantly reduced 
the total ejecta/spall mass for thin graphite/epoxy targets. 

6. For most structural elements of interest on the International 
Space Station, the secondary flux from ejecta/spall particles 
will contribute no more than 10% to the total flux (primary 
and secondary) having a given critical energy or greater. 
Thus, in hazards assessment analysis, designers should 
multiply the total primary flux by 1.1 to compensate for 
secondary impact effects. 

7. It is predicted that over 35,000 primary and secondary 
impacts will have sufficient energy to completely penetrate 
each 80 ft. by 32.5 ft. solar array over the 30 year Space 
Station lifetime. It has been reported that the solar array 
performance should degrade only 10 percent before replacement. 
If each complete penetration causes a solar cell to fail, the 
solar arrays may need to be replaced every 5 years. 

8.0 Recommendations 

Further work needs to be done to assess the effect of 
hypervelocity impacts on solar cells. Depending on the sensitivity 
of the cells to impact damage, significant loss of power could occur 
over long time periods (10-30 years) . 

Designers need only include effects (flux) of secondary 
impacts on surfaces that have high exposure to ejecta/spall 
produced from the rest of the Space Station. Even on very sensitive 
surfaces (ones with low critical energy of projectiles that 
result in damage), unless the exposure fraction is high, the 
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900 Nylon 5.02 0.0696 0.0717 6 No Test shot for Dr. Yew's model 

(The University of Texas). 
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(of spall 30 micro-sec ejecta and spall character- 
after impact) istics (mass, size, distri- 

bution, velocity). With 
cloth, normal impact. 
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Appendix A - Listing of All Shots with Characteristics and Notes 



Target Data on JSC Light Gas Gun Shots 
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Other Data on JSC Light Gas Gun Shota 
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Appendix B - Raw Data for shots 883,884,894,917,923,933 


(also includes calculations for theta, phi* 
cone angle, diameter, velocity, energy) 



3 . 


Phi angle. Phi (deg) , is the angle from the impact point to 
the ejecta/spall particle in the vertical plane (see diagram). 
The following equation is for an ejecta particle with the 
position origin in the lower left-hand corner of a thin plate. 

Phi = asin ( (Y - Y C )/(( Z _ z Q ) "2 + (Y - Y o )~2)~0.5) * 180/pi 

Side View Spall Ejecta 

of Target + 90 

Y-Z Plane ^ 

+ ■? $ Surface 

0 r 0 Norm.'* Projectile 

- ^ $ 

- 90 

4. Cone angle, CA (deg) , is the angle from the impact point to 
the ejecta/spall particle. Zero degree cone angle is normal 
to surface at impact point. 

CA = acos ((Z - Z q )/r) * 180/pi 

5. Particle diameter, D (mm) , is determined from the particle 
density, p (g/cc) , and assuming cylindrical particle geometry. 

D = 2 * (M * 1000/ (pi * L * p))~0.5 

6. Particle cross-sectional area, A (mm~2) . 

A = (D/2) “2 * pi 

7. Particle velocity, V (km/sec) , is derived from particle kinetic 
energy considerations. 

V = ( (2 * S s * (A + (pi * D * P)) * P / M)~0.5 )/1000 

8. Particle kinetic energy, KE (joules). 

KE = 0.5 * M * V*2 * 1000 
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Appendix B 

Measured and Calculated Data 


Measured Parameters 

For each ejecta/spall particle collected in the styrofoam catchers, 
the following parameters were measured. 

1. Position from suitable origin — for the ejecta side of a thin 
plate this is typically the lower left hand corner of the 
plate — in X, Y, Z coordinates (mm) . 

2. Length of ejecta/spall particle, L (mm). 

3. Depth of particle penetration into the styrofoam, P (mm). 

4. Mass of particle, M (g) . 

5. Point of impact: X Q , y 0 , Z G (mm). 

Constants 

1. Graphite/epoxy density, p GE , i s 1.5775 g/cc. 

2. Aluminum density, p A , i s 2.712 g/cc. 

3. Styrofoam shear strength, S s , is 5 5M pascals (Ref. 29, p.585). 


Calculated Parameters 


1. Distance from impact point to particle, R (mm): 


R * ((X - X o r 2 + (Y - Y 0 )~2 + (Z - Z o )~2)~0.5 

2. Theta angle, Th (deg) , is the angle from the impact point to 
the ejecta/spall particle in the horizontal plane (see 
diagram below). The following equation is for an ejecta 
particle with the position origin in the lower left-hand 
corner of a thin plate. 


Th = asin ( (X 

Looking Down 
On Target 

X-Z plane 


- 90 


X o>/((Z - Z 0 )"2 + (X - X o )~2)~0.5) 


Pro j . 

Surface 

Normal 


0 


- 0 ^ 

+ 6 

/ 


Target 

V 


- e 

+ © 


0 


Ejecta + 90 
Spall Side 


* 180/pi 
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Particle Ho. I location Y location 1 location Penetration length of Has* R location Theta location Phi location Cone Angle Average Average Velocity 
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Origin *», At upact point on target surface Total froa aass 0.12 

I, *■ T, ■• 2, •• of target before t after 
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Appendix C - Single Prase Photography Data 


The following three photographs were taken shortly after the 
impact of hypervelocity projectiles on composite targets. Due to 
various problems with time measurement and scaling, only approximate 
velocity data can be derived from these photos. They still 
provide useful information however, and are therefore documented 
here. 

Shot # 873 

5 mg nylon projectile, 6.32 km/sec velocity 

.416 inch thick composite plate from Hercules (generic graphite/epoxy 
plate) 

Photo is of ejecta approximately 15 microseconds after impact 

Scaling - 16 threads per inch in photo * .15875 cm/thread 

Threads are 10 inches from camera. Centerline of shot is 12 
inches. Therefore Real Distance « 1.2 x Measured from thread. 

Therefore scaling for shot centerline is 1.2 x .1575 « .1905 
cm/thread. 

The furthest particles from the target are roughly 19 threads out, 
assuming they are on the centerline. 19 x .1905 = 3.62 cm. 

3.62 cm / 15 microseconds * .0362 m / .000015 sec = 2.41 km/sec 

Therefore the highest velocity ejecta appears to be traveling in 
the range of 2.4 km/sec, which agrees with calculated and other 
data measured with the high speed movie camera. 

Shot * 917 

See section 3.2.3 for more discussion of this shot. 

5 mg nylon projectile, 5.39 km/ sec velocity 

.127 inch thick graphite epoxy target (JSC-03A-003) with cloth 
covering on both sides. 

Photo was taken of spall an estimated 20 to 50 microseconds after 
impact. 

A couple of threads are visible in the photo. As calculated 
above, 1 thread = .1905 cm. 

The fastest particles are roughly 15 threads out. 15 x .1905 = 
2.86 cm. 
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2.86 cm / 20 microseconds = .0286 m/. 000020 sec. * 1.43 ka/sec 

2.86 cm / 50 microseconds ■ .0286 m/. 000050 sec. * .57 ka/sec 

The one high speed camera shot (#990) for a .111 inch thick* cloth 
covered graphite/epoxy sample ( JSC — 02A—003) * at a 30 deg. angle* 
indicated a maximum spall velocity of .75 km/sec. 

Shot #894 

See section 3.2.2 for more discussion of this shot. 

4.94 mg nylon projectile* 4.75 km/sec velocity. 

Target - .093 inch thick graphite/epoxy with no cloth covering 
( JSC-02B-003) . 

Photo shows ejecta (on the right) and spall (on the left) approx. 
30 to 35 microseconds after impact. 

No good scaling parameter is available in this shot. The thickness 
of the sample could be used, but appears to be uncertain due to 
angle and depth by a factor of 1.5 to 2. The extent of the 
ejecta and spall clouds are also off the photo* adding to the 
uncertainty in calculating fastest particle velocity. Nevertheless* 
using the same scale as the other two photos* the ejecta cloud is 
estimated to extend 16 threads or 16 x .1905 * 3.05 cm. 

3.05 cm / 32 microseconds = .0305 m / .000032 sec. * .953 km/sec 

This velocity does not agree well with high speed camera numbers 
of 2 to 5 km/sec, but the uncertainty in this measurement is high. 
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